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CHAPTER 1

General introduction

1.1 Importance of maize and production constraintsn Africa

In eastern, central and southern Africa, maizea(mays L.) is the major staple food crop
cultivated and consumed by most households. Apprataly a quarter of a billion Africans
depend on maize as their staple food and they ratverage a quarter of a kilo or more
maize and maize products every day (African Pregen8y, 2007). The successful and
continuous production of maize is key to globaldas®curity (Edmeadest al., 2000) and
any change leading to reduced production and subsdy reduced deliveries to the
markets, result in hunger especially in the disathged communities (African Press
Agency, 2007). The two main abiotic stress facttrat have hindered agricultural
production in the past include drought stress amar goil fertility (Becket al., 1996) and
will continue to have large negative effects oni@gtural production in the coming years,
mostly in Asia and Africa (Rijsberman, 2006). TheoB and Agricultural Organisation
(FAO) estimated that sub-Saharan Africa is the rseserely affected region where almost
half of the land surface is exposed to a high atkneteorological drought (Ribaet al.,
2004). This effect is intensely influenced by coothg changes in the global climate (Hillel
and Rosenzweig, 2002). As water continues to bemdirlg factor in crop cultivation,
breeding for drought tolerant genotypes becomesenamd more imperative. Public and
private plant breeders endeavour to incorporatedang for abiotic stress tolerance into their

breeding objectives in order to produce stressdatehybrids and open pollinated varieties.

1.2 Maize production in Zimbabwe

Maize is the principal food crop and is the maiarse of carbohydrates for the majority of
the Zimbabwe populace. The country requires 1.8aniton of maize for human and animal
consumption and 300 000 ton as national stratezgerves per annum. It is produced by
large and small scale commercial farmers for bothdf(grain and fresh green maize) and
livestock feed (grain and silage). The requiremerdivided into the following proportions;
64% for human consumption, 22% for livestock andilppp feed and 14% for other

industrial uses (Mashingaidze, 2006). Zimbabwe’&maroduction trends are characterised
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by extreme variability associated with the incideiod mid-season dry spells and high small
scale contribution to national production (Figurdal and 1.1b). It also varies annually
according to input support programmes. As showirigure 1.2, national production has
been oscillating up and down due to various comdtrdhat farmers faced over the years.
After 2001 the area under production continuechtwdase with the land reform programme
but on the other hand production remained low (fedu2). The communal sector continues
to be the main producer of maize in the countrg(Fé 1.1a and 1.1b). These farmers are
faced with many challenges such as biotic and @bsttesses, unavailability of inputs and
poorly adapted varieties. In the 2009/10 seasorséotor contributed 40% of the national
production, whilst in 2010/11 it contributed 43%f @e total land area in Zimbabwe
approximately 50% is communal farming area, whé@ua70% of the population lives with

an average of 2 ha per household set aside foratrdtigation.
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Figure 1.1la Sector contribution to national maize production in Zimbabwe in
2009/10 season.

OR=o0ld resettlement; SSCFA=small scale commerciabfmers; LSCFA=large scale commercial farmers;
CA= communal area; A1 and A2=newly resettled undetand reform programme.
Source: AGRITEX Crop and Livestock Assessment Repay2011.



While commercial maize production increased by thiads between 1979 and 1985, small

scale production more than tripled (Rohrbach, 1988¢ increase in small scale area under
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Figure 1.1b Sector contribution to national maize production inZimbabwe in
2010/11 season.

OR=o0ld resettlement; SSCFA=small scale commerciabfmers; LSCFA=large scale commercial farmers;
CA= communal area; A1 and A2=newly resettled undetand reform programme.
Source: AGRITEX Crop and Livestock Assessment Repady2011.
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Figure 1.2Maize production trends in Zimbabwe from 2000-2011.
Source: AGRITEX Crop and Livestock Assessment Repdr2011.



maize production was due to rapid expansion of gowent and private sector support for
small scale farmers after independence, major tmass in market infrastructure,
expansion of a new smallholder credit programm@yraved extension assistance and higher
maize prices (Rohrbach, 1989). Announcement by thibabwe government in late 1986 of
a pre-planting producer price cut of 35% for deiee of more than 91 metric ton (MT) saw
a 50% reduction in maize area planted by the lacgde commercial sector, whilst the small
scale maize area remained roughly constant (Rohybb@89). Small scale farmers had
effectively been granted primary responsibility fbe production and supply of the nation’s

main staple.

In effect, the post-1979 surge in small scale pctidn transformed the communal sector
from a relatively minor participant in the natiomahize economy to the principal source of
national production growth (Rohrbach, 1989). Hetlke variability in national maize
production levels has increased with the growtsroéll scale maize production. Zimbabwe
is currently facing some of the largest fluctuasion cereal grain production of any country
in Africa. The 2010/11 maize production was estedaat 1 451 629 MT, from an area of 2
096 035 ha and an average vyield of 0.69t (GRITEX Crop and Livestock Assessment
Report, 2011). The production estimate was aboutn®fe than the 2009/10 production
estimate of about 1 327 572 MT. The maize aredd wstimate and production per province
are presented in Table 1.1. Mashonaland West fatiighest and Matebeleland South the
lowest production. Generally high potential maizeducing areas did not experience severe
dry spells, whereas the southern parts of the cpmatmely Masvingo, Matebeleland North,
Matebeleland South and some parts of Manicalandjavids and Mashonaland East and
Central were affected by severe mid-season drysspethich adversely affected production
in these areas (AGRITEX Crop and Livestock Assessnieport, 2011). There was an
increase in yield estimates from the 2009/10 to0201 for large scale commercial farmers
(LSCFA), whilst for the rest of the sectors therasweither a decrease or no change at all
(Figure 1.3). The yield for communal area (CA) rémed below 0.5 t HAfor both seasons

and yet this is the sector contributing a largegetage to the total national production.



Table 1.1 Maize area, yield and production for the2010/11 season as compared with
the 2009/10 season

Area (ha) Production (MT) Yield t ha!

% % %
Province 2010/11 2009/10 change 2010/11 2009/10 change 2010/11 2009/10 change
Manicaland 262 106 237 052 11 159 885 118 658 35 61 0. 0.50 22
Mash Central 231814 179 839 29 296 722 223516 33 1.28 1.20 7
Mash East 247 511 243 995 1 148 507 181 994 -18 006 0.70 -14
Mash West 379 066 263 621 44 451 089 336 855 34 911 130 -8
Masvingo 276 105 229 887 20 80 070 56 201 43 0.29 200 45
Mat Nortk 166 26! 100 93¢ 65 79 80" 73 31: 9 0.4¢ 0.7¢ -31
Mat South 148 922 139 643 7 35741 58 290 -39 0.24 0.40 -40
Midlands 384 24¢ 408 56¢ -6 199 80t 278 74° -28 0.52 0.7¢ -25
Total 2096035 1803542 16 1451629 1327572 9 0.69 0.70 -1.4

Mash=Mashonaland; Mat=Matebeleland.
Source: AGRITEX Crop and Livestock Assessment Repdr2011.
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Figure 1.3 National yield comparison per sector inthe 2009/10 and 2010/11 seasons
in Zimbabwe.

OR=o0ld resettlement; SSCFA=small scale commerciahfmers; LSCFA=large scale commercial farmers;
CA=communal area; Al and A2=newly resettled underdnd reform programme.
Source AGRITEX Crop and Livestock Assessment Repor2011.



1.3 Maize production constraints in Zimbabwe

The communal farmers are faced with a lot of cingiéss, amongst them the occurrence of
dry spells, as they are mostly located in the dparts of the country. The main maize
production constraints in Zimbabwe include drougittess, low soil fertility and
susceptibility to current major diseases. Downid§9@) found that with a temperature
increase of 2°C the wet regions of Zimbabwe (withater surplus) declined by a third from
9% to about 2.5% and that the drier regions willdmeible in area in future. A further
increase in temperature to 4°C reduced the summirwurplus zones to less than 2% and a
similar scenario was observed in the 1991/92 sedsmnght (Downing, 1992). About 160
million ha of maize is grown under rain-fed conaliis globally and annual yield losses
attributed to drought are estimated at around Zbétneades, 2008). The losses are expected
to be greater in sub-tropical countries that relyuapredictable and erratic rainfall (Mhike

al., 2011). When sub-Saharan Africa’s recurrent dntsiguin harvests, lives and livelihoods
are threatened and even destroyed and Zimbabwetigxempted from these droughts.
Maize is affected by drought mainly through redorctof the growing season and through
erratic stress that occurs at any time during tlegvth of the crop. Annual maize production
in Zimbabwe ranges between 1.8 to 2.1 million tdthwan average yield of 1.2 t han the

small scale sector and 4.5 tha the large scale commercial sector (Mhikel, 2011).

International Maize and Wheat Improvement Centi#MMYT) and International Institute
for Tropical Agriculture (1ITA), working closely wh various partners in sub-Saharan Africa,
have developed drought tolerant varieties that haeeefited farmers, especially those
located in the drier regions. Farmers realise higltenomic returns to labour, other inputs
and land with the use of drought tolerant varieti#serefore development of new drought
tolerant genotypes can contribute to food secumtyldwide. New drought tolerant maize
varieties play a major role in alleviating the effeof drought that are expected to increase
due to global warming. In developing countries reag also grown under low nitrogen (N)
conditions (McCowret al., 1992; Oikeh and Horst, 2001) and this is dueestricted N use
and low N uptake in drought susceptible areas, pigte ratios between fertiliser and grain,
scarcity of fertiliser or lack of credit for farne(Banzigeret al., 1997). N availability is

estimated to be the principal limiting factor in maahan 20% of arable land (Lafitte and



Edmeades, 1988). N deprivation hastens senescériosver leaves (Wolfeet al., 1988;
Moll et al., 1994), reduces radiation use efficacy (Uhart Andrade, 1995) and prolongs
anthesis silking interval (Jacobs and Pearson, ;1Bf8ineade®t al., 2000). These factors

result in maize being barren and eventually redyeelds.

Maize diseases of economic importance in Zimbabvotude maize streak virus (MSV),
grey leaf spot (GLS) andExhollium turcicum (Leornard and Snuggs) (ET). MSV is
predominantly a disease of maize in Africa and iwst devastating, although it has also
been reported in South and South East Asia (Shéehat., 2007). According to researchers
at IITA the disease was discovered in South Afilcal901 (Shepherdt al., 2007). In
Zimbabwe the disease is most prevalent in irrigasichemes although it can also be found in
rain-fed crops and more specifically if the croppianted late. MSV is transmitted by a
species of leaf hoppers belonging to the gebigadulina. The leaf hoppers are minute and
whitish in colour with a shape of an adult cockitoaden observed under a magnifying lens
(CIMMYT, 2004). Maize yield losses attributed to MSary from season to season and
losses usually depend on the number of plants afeatinfected with the disease and the
crop’s growth stage when the infection took plagpproximately 50% of calories in local
diets emanate from maize, therefore yield losseiatted to MSV result in starvation and
overall food insecurity (Shephestlal., 2007). Yield losses due to MSV range from cluse
zero to nearly 100% (Stevens, 2008).

Another major disease causing yield losses in maaédwide is grey leaf spot (GLS). The
disease is caused by the fundDercospora zea-maydis (Tehon and E.Y. Daniels). The
occurrence of the pathogen in KwaZulu-Natal, SoMfifica, in the late 1980s was its first
official report from the African continent and hagce become pandemic, causing yield
losses of up to 60% (Ringer and Grybauskas, 199%).ideal conditions that are conducive
for early season lesions and more severe disetssk anclude high early season rains and
prolonged periods of high humidity between Novemlaerd December (Ringer and
Grybauskas, 1995). However, late season infectim&e been found to be more serious
because they affect the upper canopy which cona®h5-90% of the photosynthate for
grain filling (Allison and Watson, 1966).



1.4 Zimbabwe national maize breeding programme

Since its inception in 1909, the Zimbabwe Natiohdhize Breeding Programme has
managed to develop high performance germplasm edlajot tropical and mid-altitude
growing regions roughly extending from 1 000-1 80@bove sea level (masl) and less than
23° from the equator (Doswed al., 1996). Hybrid breeding in Zimbabwe started 849
and it was based on the populations Southern C8aisbury White and to a lesser extent
Hickory King (Olver, 1988). The Southern Rhodesizepartment of Agriculture imported
Hickory King, which was among a group of high yialgl United States of America (USA)
open pollinated varieties and distributed it tonfars between 1900 and 1905 (Weinmann,
1972). A commercial single cross hybrid SR52 basednbred lines SC5522 (SC from
Southern Cross) and N3-2-3-3 (N3 from Salisbury t&jhwas released in 1960 (Doswetll
al., 1996).

Lines based on combining ability groups developeanf material related to SC, N3 and
K64r/M162W are now the main components of hybriddaing efforts by a majority of
national breeding programmes in eastern and therityaof southern African countries.
K64r originated from Kansas and is a direct imgootn the USA, whilst M162W is an
improved version of K64r ( Mickelsost al., 2001). Gene introgression has been done in the
national programme using germplasm mainly from CI¥MM IITA and other National
Agriculture Research Systems (NARS). Some authaxe lemphasised the use of exotic
germplasm to widen the genetic base of germplased by maize breeders (Beekal.,
1991; Vasalet al., 1992; Ron Para and Hallauer, 1997). Introdu@rgtic germplasm is
often suggested as a method to increase geneecsdiv between populations in opposite

heterotic groups, thereby increasing the magnitideeterosis.

In Zimbabwe, the predominant maize inbred linesdusethe most successful and current
commercial hybrids and their derivatives were depetl in the last century. Breeding gains
have not been significant in the National Breeditggramme in the last few years mainly
because of inadequate funding. As such, yield paiedisease resistance and drought stress
tolerance are lacking in most of the current majeemplasm in the National Breeding

Programme. There is thus an urgent need to imptiogecurrent elite lines used by the



National Breeding Programme to boost their yielteptial and at the same time introduce

resistance to current major diseases and genézedae to drought stress.

Gene introgression of drought tolerance and diseasetance genes from CIMMYT
germplasm into the National Breeding Programme @hibred lines has been initiated at the
Department of Research and Specialists Services&g@3 in Zimbabwe. In order to
determine the best parents for this project, itingportant to understand the heterotic
relationships between the CIMMYT and National BiagdProgramme lines with a view to
selecting good parents to initiate crosses for gred, backcross and potential marker-
assisted recurrent selection (MARS) populationdlifer extraction. The resultant new lines
will then be used in developing new improved drdugkerant and disease resistant hybrids
and open pollinated varieties (OPVs) for releaseaddition, classification of inbred lines
into heterotic groups will facilitate exploitatiasf heterosis which can contribute to hybrid
performance.

1.5 Overall objective
The overall objective of the study was to identfyprovement strategies for yield potential

and tolerance to biotic and abiotic stress faadd@mbabwean maize inbred lines

1.6 Specific objectives

(1) To estimate combining ability and heterosis forigsaeld and other agronomic traits
between DR&SS and CIMMYT white maize inbred linesler stress and non-stress
environments

(i) To analyse genotype by environment (G x E) intésacand stability of single cross
hybrids for grain yield

(i)  To examine genetic diversity among DR&SS and CIMMXMHite maize inbred lines
using single nucleotide polymorphism (SNP) analgsid morphological traits

(iv) To assess the relationship between genetic diyedditDR&SS and CIMMYT
parental inbred lines and, fperformance, heterosis and specific combiningitgbil

(SCA) effects of hybrids under abiotic stress aod-stress environments



(V) To estimate test-cross performance efseégregating populations developed from
CIMMYT drought tolerant donors and DR&SS elite iabrlines under drought and
non-drought conditions

(vi) To estimate performance and yield prediction okéaway hybrids from drought

tolerant single cross hybrids.
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CHAPTER 2

Literature review

2.1 Introduction

Literature on principles of main concepts thatratevant in this research is reviewed in this
chapter. These include i) understanding the effecthought on maize, progress in breeding
for drought, secondary traits used in selection dosught as well as managed drought
screening, effects and breeding for low N condg&ionmaize, ii) combining ability, heterosis
and heterotic groups, iii) genetic characterisatimolecular markers, SNPs and correlation

between heterosis and genetic distances and iviE@Gieraction.

2.2 Major abiotic stress factors affecting maize prduction

Drought and low N are the two major abiotic striessors affecting maize production in sub-
Saharan Africa. In Zimbabwe the major maize produ@ee small scale farmers who are
mainly located in dry regions of the country witdwi soil inherent fertility. Initial efforts in
the National Breeding Programme were towards bngediaize varieties for high rainfall
regions with optimum fertilisation. It is therefonmportant that efforts are made towards
improving new maize varieties for tolerance to éhegesses. Currently few drought and low
N tolerant maize varieties have been released &\Ngitional Breeding Programme. Maize
yields are mostly affected by drought through reéiducof the growing season and erratic
mid-season dry spells that take place at any tiamang the growth of the crop (Edmeadsts
al., 1994). Maize is mainly susceptible to droughesdrthat takes place just before and
during flowering when its yield potential is detened (Malosettet al., 2007).

Drought is a water deficit in the plant's envirommhéhat has the potential to reduce crop
yield (Cooperet al., 2006). It has devastating economical and socicddgffects. Drought
incidents are predicted to increase due to long &ffects of global warming (Coadt al.,
2007). It is difficult to forecast manifestation patural drought making it challenging or
almost impossible to differentiate between streskraon-stress agricultural systems (Cooper

et al., 2006). In the semi-arid tropics the effect ofudgbt is intensified by extremely erratic
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rainfall, high temperatures, high levels of sokdiation and poor soil productiveness (Cook
et al., 2007).

2.2.1 Effects of drought on maize

Maize inflorescence consists of separate male améle flowers making it more vulnerable
to drought stress during flowering time (Prine, 19Grantet al., 1989). Tassel development
and pollen shed in maize are less sensitive taulions in moisture availability compared
to silk growth. The allocation of nutrients to eavsules and silks is reduced under drought
as a result of the dominance effects of the apasdel. Silk emergence in relation to male
flowering is delayed when drought takes place hefbre flowering and this result in an
increased anthesis silking interval (Bolanos andné&atles, 1993a). When the anthesis
silking interval is lengthened the pollen mightieerwhen silks have dried up (Bassetti and
Westgate, 1993) or after ovaries have used up 8taich reserves (Saini and Westgate,
2000; Zinselmeiert al., 2000). This scenario results in retarded ear silkdgrowth and

accelerated kernel and ear abortion (Westgate agdrB1986; Edmeadetal., 1993).

The maize crop has been found to be more susoeptibhoisture stress one week before to
two weeks after flowering (Gramt al., 1989). Grain abortion normally takes place during
the first 2-3 weeks after the emergence of silkegiyate and Boyer, 1986; Schussler and
Westgate, 1991). It is intensified by any stresst thecreases canopy photosynthesis and
movement of assimilates to the developing ear. $temario results in the growing ear being
deprived of the necessary nutrients (Stevens, 2008refore the amount of assimilates
reduces to below threshold levels required to sustgain development and growth
(Edmeades and Daynard, 1979; Tollengtaal., 1992). The decrease in photosynthesis can
be due to a decrease in radiation interceptioncéstea with increased leaf rolling (Bolanos
et al., 1993). Reduction in photosynthetic rate decretisesolume of nutrients available for
distribution to the sink organs (Kiet al., 2000). The amount of stress that drought imposes
on the maize crop results in modifications of pkgtdhetic pigments and constituents
(Loggini et al., 1999). It also causes damage to photosynthetansr¢Fu and Huang, 2001)
and the calvin cycle enzyme activity is reduced ifskhova and Cheryadév, 2004).

Carbohydrate metabolism activity in the plant’s rogluctive organs is also negatively
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affected (Liuet al., 2004). Maize is more vulnerable to drought coragaio sorghum as a
result of its shallow root system, enlarged leaffame area, increased transpiration rate,
slower grain development rate and extended grdliingfiperiod (Sinclair and Muchow,
2001).

2.2.2 Breeding for drought tolerance in maize

Maize is considered the most susceptible ceredtdaght stress, with the exception of rice
(Banziger and Araus, 2007). Maize yields remairowe® t ha in most countries in sub-
Saharan Africa and yields vary from year to yeak@F-2011). Maize is the staple food crop
of importance to over 300 million people in eastam southern African countries (Heisey
and Edmeades, 1999). Rainfall distribution and arhdiave been found to have a direct
effect on maize productivity in these two regioimssouthern Africa the 2002/03 drought left
about 14 million people exposed to starvation dedfbod deficit was 3.3 MT (World Food
Programme, 2003). The World Food Programme wasa&gd to provide food aid to 7.8
million people in five East African countries (Sdma Ethiopia, Djibout, Kenya and
Uganda) as a result of consecutive seasons of dtraiWgorld Food Progamme, 2009).
Again East Africa experienced a severe droughOihl2that left more than 10 million people
relying on food aid (World Food Programme, 2011heirefore, in order for farmers to
realise increased and stable yields and for seadhauets to be in a position to market a
variety widely, it is critical that drought toleremis incorporated in maize breeding strategies
(Camposet al., 2004). Hence, improvement or development of mgeeotypes with high

and constant yields under drought stress conditeoassential.

Among abiotic stresses, breeding for drought toleeais one of the most challenging
endevours, because selected germplasm ought tormeeixceptionally well not only under
drought stress but also under optimum conditionsces water is a scarce resource,
improving varieties for drought tolerance is an artpnt approach in reducing this problem.
It is important in breeding for drought tolerancecbnsider breeding for other stress factors
as well (Beebet al., 2008). Progress in breeding for drought toleramae been slow as a
result of the complex nature of the trait and apriowed understanding of the fundamental

mechanisms of drought would hasten progress indbrgdor the trait (Ribauét al., 2002).

16



In an effort to improve maize productivity, maizeeéders have exerted enormous efforts to
breed hybrids with drought tolerance (Brugteal., 2002). The efficiency in selection of
germplasm for drought tolerance can be improvedutin use of managed drought
environments. This can be done during the off-seqsonter) with the use of controlled
irrigation whereby the occurrence, extent and arhaindrought stress on the crop are
controlled (Banzigeet al., 2000). As a result of significant G x E interant it is important
that genotypes screened for drought tolerancevaleaged in the target locations before they

are incorporated as parents in the breeding pragesn

Although progress in drought tolerance can be aekiethrough conventional selection
methods, trials must usually be replicated acrosarge number of locations and across
several years before the expression of the traitbeaconclusively identified. Stevens (2008)
reported that CIMMYT has been involved in breediog drought tolerance in maize over
the past three decades. A unique selection progeamimed at improving tolerance to
drought using the lowland tropical maize populatidiuxpefio Sequia, LaPosta Sequia and
Pool 26 Sequia was started at CIMMYT in the 19Asgrage maize yields under drought
conditions were 126 kg Haper cycle (Stevens, 2008). Progress in selectiwndfought
tolerance of Tuxpefio Sequia resulted in averagedbrg gain of 108 kg hayr™ with yield
levels ranging from 1-8 t Ha(Bolanos and Edmeades, 1993a). A significant gah4% for
ears per plant and reduction of anthesis silkingriml from 34.2 days in the first cycle to 9.8
days in cycle eight were further reported by Botaand Edmeades (1993a). Bolanos and
Edmeades (1993Db) reported an increase in anthdgigysnterval to 18.8 days under severe
stress. The three populations outperformed theagira cycles of selection and check
varieties under drought conditions and yields ranfgem 1.0-4.5 Mg ha and 5.8-10.4 Mg
ha® under drought and optimum conditions respectiyEiymeadest al., 1999). The authors
further reported yield gains ranging from 0.08 29.Mg ha cycle® under drought
conditions and 0.04 - 0.18 Mg haycle® under optimum conditions. Campetsal. (2004)
reported 146 kg hhgains annually when drought stress was introdatetbwering and 76
kg ha' when stress was introduced at mid-grain fillingget Drought tolerant germplasm
was introgressed into local African germplasm, pimdg varieties with stable and superior

performance in southern and eastern Africa. Supeni@ize OPVs with yield performance
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comparable to commercial hybrids under moderateseeere moisture stress were also

produced.

Grain yield is considered the primary trait foresgion under drought stress conditions.
Nonetheless, reduced heritability and variance iefdycomponents make selection based
only on grain yield inefficient (Stevens, 2008).eTmajor strategy in breeding for drought
tolerance in maize has been direct selection fgin lyield. Grain yield under severe mid and
late season moisture stress has been improved BP%0in three late maturing maize
populations through recurrent selection at rategpofo 12% per selection cycle (Edmeades
et al.,, 1999). It has been reported that use of bothrgkny traits and grain yield in
improving germplasm for drought stress tolerance hasulted in significant selection
progress (Mhikest al., 2011).

2.2.3 Suitable secondary traits used in selectionrfdrought tolerance

Appropriate secondary traits selected for undeugind stress should be genetically related to
grain yield, have high heritability estimates, lmnsistent and easy to select for and not too
expensive. These traits must furthermore be melaleurat or before flowering so that
undesirable parents are selected against and ttagseshould not be accompanied by yield
loss under optimum environments (Edmeaeteal., 1998). Critical secondary traits under
drought identified at CIMMYT and Pioneer Hi-Bredcinde reduced prolificacy, anthesis
silking interval, stay green and to a lesser extsitrolling (Banzigeet al., 2000). Anthesis
silking interval is measured as the number of dagsveen silk emergence and pollen
shedding and increases under drought stress asulf o retarded ear and silk growth
(Bolanos and Edmeades, 1993b). Work done at CIMNYES revealed that the heritability
estimate for anthesis silking interval is relatedotr greater than the heritability for grain
yield. A high negative correlation of anthesis isitk interval with grain yield and other
related traits such as kernel number and numbeasf per plant has been reported. Anthesis
silking interval and ears per plant have been widsled in breeding for stress tolerance in
maize (Bolanos and Edmeades, 1993b; Banzagal., 2000). These two traits have shown

good genetic variability under drought stress comaés and high heritability.
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The variation in number of kernels has a majoratftan maize grain yield under drought
(Bolanos and Edmeades, 1996). Bolanos and Edmd&a868a) observed a 90% drop in
yield as anthesis silking interval increased fr@-10 days, whilst Du Plessis and Dijkhuis
(1967) reported 82% drop in grain yield as anthsiking interval increased from 0-28 days.
In genotypes selected for short anthesis silkirtgrimls and increased grain yield under
drought the bulk of the carbohydrates are channeledrds development of the ear and less
towards the growth of tassels and vegetative orgaadsneadest al., 1993). In tropical
maize gains in selection have been linked with oapd synchronisation in silking and
pollen shedding, reduced barreness, reduced tsigeelincreased harvest index, delayed leaf
senescence and reduced root length density ingheruwsoil profile with no alterations in
water uptake or biomass (Bolanos and Edmeadesal®®olanost al., 1993; Chapman
and Edmeades, 1999). Genotypes are selected urasherged drought stress based on grain

yield performance and appropriate secondary traits.

2.2.4 Managed drought

Managed drought stress screening is usually dofiseason (winter) with the use of
irrigation. Drought stress on genotypes is indueigger at flowering or at grain filling stage.
At intermediate stress level average grain yieldargeted to reduce by 15-30% of yields
expected under optimum conditions and the streisbeitargeting grain filling. A yield
reduction of 30-60% of yields realised under optimeconditions is targeted for severe stress
levels and the stress affects both flowering araingfilling (Banzigeret al., 2000). Under
severe stress, irrigation is scheduled such tlmatgit stress coincides with anthesis and silk
emergence, but supplementary irrigation is appliédiays after the end of pollen shedding
in order to facilitate adequate grain filling obtformed grain. In intermediate stress, drought
stress is timed to coincide with grain filling. i important to ensure that irrigation is
uniformly applied before onset of stress as thismesult in stress levels being uniform in all
genotypes, more constant plant performance andtwalgnimproved breeding progress
(Banzigeret al., 2000).
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2.2.5 Effects of low nitrogen on maize performance

Grain yield in tropical maize is negatively affettiey the abiotic stress factors drought and
low N (Pingali and Pandey, 2001). N is one of tregannutrients required by plants in large
quantities. N use efficiency is always low in dmeas and has become one of the most
limiting factors in crop yield improvement. It hd®en reported that besides providing
nutrients for crop development, application of Nynm@ossibly lead to improved drought
tolerance and enhanced yield (Zaman and Das, DA9Xt al., 2005). Kernel abortion in
maize has been seen to be aggravated by N steyebyhleading to reduced grain number
(Lemcoff and Loomis, 1986; Pearson and Jacobs, ;188art and Andrade, 1995a; b).
Roughly 85% of kernel abortion takes place in tberse of the first 20 days after silk
emergence (Monneveust al., 2005). N plays a crucial role in the anti-oxidalgfence
enzyme and lipid peroxidation metabolism undersstrenvironments (Sueat al., 2001;
Saneokaet al., 2004). N deficiency has also been reported toainegly affect leaf
expansion, emergence rate, radiation interceptamhation use efficiency and assimilate
distribution amongst vegetative and reproductivgaos (Uhart and Andrade, 1995a).
Reduction in kernel number and number of ears duew N has been reported by Lemcoff
and Loomis (1986); Pearson and Jacobs (1987); Udadt Andrade (1995a; b) and
Monneveuxet al. (2005). Prolonged anthesis silking interval haso dbeen reported as a
result of N deficiency (Jacobs and Pearson, 198d)accelerated senescence (Malhl.,
1994). Low N affects maize growth throughout tlie @ycle of the crop compared to drought
that occurs at any time during the growth of thepdiBanziger and Araus, 2007).

2.2.6 Breeding for low nitrogen tolerance in maize

Maize breeders have made enormous efforts towacdsersing maize germplasm for
tolerance to low N conditions. However, headwagdreening for low N tolerance has been
slown down by pronounced genotype x season andiymna location interactions (Ribaut
et al.,, 2007). Lafitte and Edmeades (1988) reported khanavailability is projected to be
the major limiting factor in more than 20% of amldnd. The use of inorganic fertiliser in
sub-Saharan Africa is on the lower side mainly assalt of unavailability of fertiliser and

ever escalating costs. Cultivars tolerant to lowdve been found to be efficient in utilising
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available N, mainly as a result of increased uptedeacity or their ability to efficiently
utilise absorbed N in grain production (Lafitte &bdimeades, 1994).

As a result of low heritability estimates for grayjeld under low N environments, the
utilisation of secondary traits in the selectiorogass has frequently been recommended
(Lafitte et al., 2003). Anthesis silking interval, leaf senesceacd ears per plant have been
suggested as ideal secondary traits to select fienvimproving maize genotypes for low N
conditions (Banziger and Lafitte, 1997; Banzigeral., 2000). Selection indices centered
around these traits were established and signtficamproved the selection efficacy under
low N stress environments (Banziger and LafitteQ7)91t is simpler to breed for low N than
for drought conditions mainly because unavailapidbf N affects plant growth in a more
even manner unlike drought periods that occur rartg¢Banzigeret al., 2000). It has been
found that screening germplasm under severe lovorMitions should be adequate to infer
low N stress tolerance for different levels of Nfidency. Maize germplasm has been
selected for both drought and low N tolerance usmmgbining ability effects. Testers known
to be drought or low N tolerant are crossed witlected lines and the progeny is evaluated
for tolerance to the two stresses. Ideal parengs identified as having good general
combining ability (GCA) under these environmenk®refore it is critical to consider looking

at combining ability effects of lines under evalaatin the current study.

2.3 Combining ability and gene action

Combining ability cannot be predicted from the p&aé phenotype and is assessed by
progeny testing from controlled pollinations. ItsMaitially a broad notion considered jointly
for categorising an inbred line in relation to lgbrid performance, but was later refined as
GCA and SCA. This had a major influence on inbret levaluation and population
development in maize breeding (Sprague and Tatl@42)1 Sprague and Tatum (1942)
defined GCA as the average performance of a lineybrid combination and SCA as those
cases where some hybrid combinations are eitheersupor inferior than would be

estimated on the average performance of the paiabtad lines.
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SCA effects should be used in combination with fd/performance and GCA of particular
parents for selection (Shukla and Pandey, 2008).GBA component is primarily a function
of additive gene action while SCA variance is mgaial function of dominance variance.
Evaluation of GCA effects of hybrid parents is edse to critic their appropriateness for
hybrid development, since the mean performanceacérgal lines does not always translate
to their GCA effects. GCA and SCA effects are int@ot tools used by breeders in selecting
superior parents for developing crosses (ShuklaRemitley, 2008). Favourable alleles are
combined through hybrid combination with higier se performance with good SCA
estimates and having at least one of the parerits high GCA (Mariliaet al., 2001). In
choosing ideal parents and crosses and to estihmat@ombining abilities of parents in early
generations, plant breeders have used the linstertanalysis method. Line x tester analysis
provides an efficient approach for identificatioh smitable parents and crosses exhibiting

good performance in traits under consideration {Aland Dhayal, 2007).

GCA and SCA variances are used to deduce genenadtitss defined as the way genes
express themselves in which case GCA effects reptesdditive gene action, whilst SCA
effects represent non-additive gene action. Severating designs have been used for
estimating gene action amongst them the North @ar@esign Il (NCDII) (Comstock and
Robinson, 1948). The NCDII crosses are used foinithgf the cumulative gene effects of
breeding populations and for estimating GCA and SfffAacts. In the current study NCDII
was used to form hybrids among 23 inbred lines W&t to be evaluated for drought and
low N tolerance and the method was chosen becheselfjective was mainly to estimate
GCA and SCA variances. It is critical to understayghe action for grain yield and other
secondary traits so that effective breeding strase@re developed for stress tolerance
breeding without compromising on yield. Betraral. (2003) reported additive gene action
being more important under drought conditions amal-additive gene action being important
under low N conditions. Their results suggestecepiadl benefits of incorporating drought
tolerance in both parental inbred lines in orderetdance performance of hybrids under
drought conditions. A higher SCA variance compa@dsCA was reported by Devi and
Singh (2011), suggesting that non-additive gen@magblayed a more important role in

determining grain yield. Amount of heterosis readisn a cross depends among other things
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on the differences of gene frequency between tbesed lines (Falconer, 1981). Once ideal
parents are identified it is important to assessldévels of heterosis and possible heterotic

relationships among these lines.

2.4 Heterosis and genetic diversity

2.4.1 Heterosis

The first step in the search for heterosis in draprovement is a full characterisation of
available genetic diversity, which forms the basisthe analysis of combining ability of
inbred lines (Verbitskaya&t al., 1999; Dinizet al., 2005). According to Falconer (1981)
heterosis is the product of directional dominano@ square of differences in gene frequency
in parents. It is therefore obvious that the presesf both dominance and initial differences
in gene frequency in parental lines causes heterosii progeny. Heterosis will be
significant when alleles in both parents are iroenbzygous state (Falconer, 1981). Success
of the formal seed sector involving maize and otloceops has been attributed to
heterosis/hybrid vigour. Manipulating heterosibmeeding facilitates yield improvement and
helps augment many other necessary quantitativeyaalitative traits in crops. Heterosis is
observed in a situation where offspring obtainedmfr crossing two inbred lines or
populations perform above the mean of the two s or lines for the trait under
consideration. It is usually seen as increased troate, size, yield and other traits in F
individuals produced after crossing inbred linesl@hinger and Gumber, 1998; Tollenaar
al., 2004). Remarkable maize yield increases observéde USA between the 1930s and

1970s came about through manipulation of hetef@gisick, 2001).

The magnitude of heterosis between lines or pojmsithas assisted in determining the level
of genetic diversity. It provides a base for chagsgermplasm to be used as parents for
developing segregating populations to be used riecgrocal recurrent selection breeding
programme (Ortizt al., 2008). Crosses produced from distantly relatectrga normally

exhibit higher levels of heterosis compared to essproduced from closely related parents
and this can be partly explained by the level afieje diversity that exists between the

parents (Fabriziust al., 1998). The success of any hybrid breeding progrardepends on
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the existence of reasonable levels of heterosisaafaourable environment for economic
hybrid seed production (Shukla and Pandey, 20089. &ifective manipulation of intra- and

inter-sub specific heterosis hinges on the gemtiersity of the parents, gene action, linked
hybrid vigour and the biological achievability oflitid seed production (Shukla and Pandey,
2008).

Results from studies of heterosis for grain yieldmaize until 1979 were summarised by
Hallauer and Miranda (1988) and mid-parent heter@iPH) ranged between -3.6% and
72.0%, whilst high-parent heterosis (HPH) rangetivben -9.9% and 43.0%. Recently
Betranet al. (2003) reported average MPH of 171.0% and HPH3#.0% and heterosis
increased as the severity of drought stress inededa a study by Dhliwayet al. (2009)
average MPH of 5.14% was reported. Geatgal. (2011) reported MPH values of 114.0%
and 130.0% and HPH values of 84.0% and 92.0% uhdgr and low phosphorus soails,
respectively. Maize hybrids normally yield two to¢e times better than their inbred parents,
but ideal hybrids from the farmer’s perspective am necessarily the ones with high
heterosis under optimum conditions but the hybmdth higher yield advantage under
drought conditions (Duvick, 1997). Better perforgnihybrids in terms of yield owe their
yield advantage not only to heterosis but also ttoeio heritable elements that are not

necessarily affected by heterosis.

2.4.2 Heterotic groups

Identification of heterotic groups and heterotitt@ans is an important undertaking in hybrid
maize breeding and contributes to substantial ivgments in yield performance.
Establishment of heterotic groups have assistetnproving breeding progress because
hybrid performance can be determined without pradaocof crosses or carrying out field
experiments (Tracy and Chandler, 2006; Troyer, 200w inbred lines are established
through selection of germplasm within the samerbétegroup and the inbred lines are then
evaluated by crossing them to an inbred line befantp a different heterotic group. Exotic
germplasm can be effectively exploited when thetodic relationships among populations
are understood. Heterotic patterns used in maizer@ioduction areas worldwide have been

reviewed by several authors (Wellhausen, 1978; Rama and Hallauer, 1997). Heterosis
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can be exploited in maize breeding through clas#ifin of inbred lines into different

heterotic groups thereby leading to improved hypadormance (Bhatnagatal., 2004).

Heterotic groups were not identified until extersiveld test data of different combinations
of inbred lines in double crosses became availdblallauer, 1997). Scientists from
CIMMYT have conducted several combining ability dies to enable them to identify
heterotic patterns among several maize populadodsgene pools (Bedt al., 1990; 1991,
Crossaet al., 1990; Vasalet al., 1992). Initially groups were identified by howndis
performed in crosses i.e A X B crosses were supgrieither A x A or B x B crosses where
A and B represent different germplasm sources #édahl, 1997). Lines in genetically
different heterotic groups are usually identifigddositive SCA effects between them (Vasal
et al.,, 1992). Inbred lines in the same heterotic groapeha tendency to exhibit negative
SCA effects when crossed (Vastlal., 1992). In eastern and southern Africa, the hétero
groups are based on Southern Cross (SC), Salisbhite (N3), K64r/M162W and Natal
Potchefstroom Pear Elite Selection (NPPES) vasgefighe varieties SC, N3 and NPPES
were developed from varieties imported from the USAile K64r is a direct import from
the USA (Mickelsonet al., 2001). CIMMYT has developed a number of hetergtiocups
from some of the above broad groups to suit itddad tropical, sub-tropical and highland
breeding programmes. In its programmes of soutlaemh eastern Africa, there are two
heterotic groups, A and B. Group A includes thdofeing germplasm: Tuxpeno, Reid
Yellow Dent and N3, whilst group B has ETO, Laneasbure Crop and SC germplasm
(Mickelson et al., 2001). Heterotic groups used in the National Bmeg Programme in
Zimbabwe are N3 and SC and these are equivalen€IkdMYT groups A and B,
respectively. Lines in group A have been crossdd lnes in group B and have shown high
levels of heterosis. Grouping lines into hetergticups has resulted in production of hybrids
with high hybrid vigour and as a result high yielglivarieties have been released into the
market. It is critical to understand genetic diugrghat exists among inbred lines as it is the
basis for forming heterotic groups and helps inimising the levels of heterosis during
hybrid formation. In cases where defined hetergtaups do not exist, marker-based genetic
distances can also be used to avoid making crdsstegeen closely related lines. In the

current study maize germplasm from two sources,eharthe National Programme and
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CIMMYT, was used, so it is important to determime tevel of diversity through genetic

characterisation of these lines.

2.4.3 Genetic diversity and characterisation

Genetic diversity is enhanced by germplasm cobestifrom diverse sources and these
should be well characterised for improved managémaend effective utilisation.
Characterisation of elite material has receivedigpattention since the late 1980s because
of its strategic interest for breeders’ rights pobion and also because analyses of
homogeneous material (inbreds) are easier tharg usnfixed material (Charcosset and
Moreau, 2004). In order to optimise efficiency gbhd combinations and to develop new
inbred lines, existing maize inbred lines from wvas sources must be properly characterised.
Germplasm organisation and variety protection ibridybreeding programmes is enhanced
through the knowledge of genetic relationships agniobred lines (Melchingest al., 1991;
Bernardo, 2002). A better understanding of genetlationships amongst genotypes is
valuable in crop breeding programmes becauseoivalthe organisation of germplasm, such

as elite lines, and affords well-organised paresgédction.

Newly developed inbred lines are usually separamd different heterotic pools using
pedigree data (Messmetral., 1993). Nonetheless, pedigree information traciagkido more
than two generations is difficult to find, therefomaize breeders now use genetic distance
(GD) evaluation as an alternative method for geasmml selection. Morphological,
biochemical and molecular analyses as well as ¢&terand SCA revealed in different
crosses in maize have been used to quantify GD gngenmplasm (Vasadt al., 1992;
Ajmone-Marsanet al., 1998; Paterniangt al., 2000; Menkiret al., 2004; Labordaet al.,
2005). DNA marker-based diversity has given mixegbutts. Previous studies have
confirmed that a high similarity for molecular mark was always associated with a high co-
ancestry (Melchinger, 1999). Once possible pardmatee been identified based on an
amalgamation of marker data and a trait of inteté&t next step is to decide which crosses
should be made to develop new breeding populatortsybrids (Charcosset and Moreau,
2004). Molecular markers are used to investigatddtel of genetic diversity amongst maize

inbred lines and this is mainly done through fipgetting. Since homozygous lines were
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used in this study, fingerprinting is most appraf®iin assessing genetic diversity amongst
them. The fingerprinting data can then be usedstimating genetic distances among inbred

lines.

2.4.4 Molecular markers

A molecular marker is defined as a DNA sequence ihaeadily detected and whose
inheritance can easily be examined. A marker mespdlymorphic and occur in diverse
forms such that a chromosome carrying the mutane gean be distinguished from the
chromosome with the normal gene by a marker iiesarMolecular markers can be used to
better document the organisation of genetic ditetsttween possible parental materials of
new breeding programmes and to establish the distemess of new cultivars prior to their
registration (Charcosset and Gallais, 2002). Fdee¢ders can by-pass traditional phenotype-
based selection methods that include raising planti$ they reach maturity and monitoring
their physical make-up in order to infer underlygmnetic make-up through use of molecular
markers (Varshnegt al., 2004).

Molecular markers evolved from hybridisation basedrkers namely restriction fragment
length polymorphism (RFLP) (Botstert al., 1980). With the advent of the polymerase
chain reaction (PCR) a number of markers were o@eel namely random amplified
polymorphic DNA (RAPD) (Williamset al., 1990), amplified fragment length polymorphism
(AFLP), simple sequence repeat (SSR) and SNP. Henveach of these markers has their
advantages and disadvantages. RFLP markers weagessiglly used in constructing linkage
maps for different crops including maize and whigtdisington, 2001). The limitations that
RFLP markers had which included need for a suitabtde library, automation not being
possible and technically demanding among othersmpted the development of RAPD
markers. RAPD markers quickly gained popularity rolR~LP markers because of their
simplicity and reduced assay costs. They were falsod to require small amounts of DNA
compared to RFLPs and many possible primers weedlaile. However, due to their
dominant nature and not being reproducible RAPD=alme less popular with reseachers.
AFLPs were then developed and were found to combpeeificity of restriction analysis
with PCR amplification (Vost al., 1995). AFLPs have a higher efficiency in detsgti
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polymorphism compared to RAPDs and RFLPs (Garcig-Maal., 2000). However, the
AFLP technique was later found to be more labotensive and time consuming compared
to RAPDs. SSR markers were then applied to overdbmneisadvantages of RFLPs, RAPDs
and AFLPs. The SSR markers became popular mairdguse of their co-dominant nature,
large number of polymorphisms, their random distiitn in the entire genome and being
reproducible (Senioet al., 1993; Voset al., 1995). It was also found that once SSR primers
were developed, screening became less expensiveeudo, when primers were not
available the organism had to be screened for Si&RsThe process of screening for SSRs
was found to be expensive and practically comptekat times only a small number of SSRs
could be detected. SNP markers were later develapedbecause of their abundance in
different genomes and high levels of automationy thave become the most popular
markers.

Molecular markers have been widely used in assgsgienetic diversity in maize
(Melchingeret al., 1992; Betraret al., 2003; Jonest al., 2007; Dhliwaycet al., 2009; Van
Inghelandtet al., 2010; Devi and Singh, 2011; Geomal., 2011). Melchingeet al. (1992)
used RFLP markers to assess genetic diversity araonfiint and six dent maize inbred
lines and narrow GDs were reported between flimtert crosses (0.56-0.73) compared to
flint x flint (0.14-0.66) and dent x dent (0.23-8)6 RFLP markers were again used to assess
genetic diversity amongst tropical maize inbrecdirand the GDs ranged from 0.20-0.84
(Betranet al., 2003). RAPD markers have been used to examinea@Bss varied species
comprising segregating lines of maize (Ajmone-Maraial., 1993) and have also been used
to assess genetic diversity among homozygous nmatized lines (Lanzat al., 1997; Devi
and Singh, 2011). The most widely used DNA markergermplasm characterisation until
now was SSR markers. SSR markers are easy to elaiyely cheap when primers are
available and have a high degree of polymorphisovided by the large number of alleles
per locus (Vignalet al., 2002). PCR based SSR markers have been widelg use
fingerprinting of maize germplasm (Messnaegl., 1992; Dubreuikt al., 1996; Smithet al.,
1997; Senioret al., 1998; Dhliwayoet al., 2009; Georget al., 2011). A total of 89 SSR
markers were found to perform better at clustenmajze germplasm into populations than
did a set of 847 SNPs or 554 SNP haplotypes (Hasbél., 2007).
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2.4.5 Choosing a marker

Given the innumerable DNA marker technologies améd and the widespread range of
applications they can be used for, an obvious pralihat has to be faced is how to select the
most ideal DNA marker for a particular analysisndmber of issues have to be considered
and these include the technology itself, the pmoblender investigation and the
circumstances of the investigator. Widely used markave been categorised into different
groups and these include hybridisation based markech as RFLPs (Helentjards al.,
1986) and PCR-based markers such as SSRs (Sanabr, 1993) and SNPs. A perfect
marker system has been defined as one that isyhigormative, evenly dispersed across the
genome, co-dominant, accurate and have reproduddibe that can be produced in a high-
throughput and economical manner (Jodeal., 2007; Yanet al., 2010). RFLP and SSR
possess the majority of these aspects but they ighedevelopmental costs. SSR markers
have been a marker of choice for the majority opsrbut there have been complications in
their use, especially challenges in accuratelyngizSSR alleles due to PCR and
electrophoresis artifacts (Hatchetral., 1993; Jonest al., 1997; Bovoet al., 1998; Fernando

et al., 2001; Heckenberget al., 2002; Davison and Chilba, 2003).

2.4.6 Single nucleotide polymorphism (SNP)

A SNP is a single change in the sequence of aosecfiDNA. It may come about as a result
of a substitution of one nucleotide for anotheth&t polymorphic site. A SNP can also be a
single base insertion or deletion variant refet@dis an indel. The majority of SNPs are
biallelic; however they can also be tri- or teth@lac. Tri allelic SNPs involve the presence
of three different nucleotides for the specific SMRilst tetra-allelic involve all four
nucleotides. Molecular markers based on SNPs am\plevenly dispersed throughout the
entire genome and adequate to discriminate indalgdin a population. SNP markers have
been found to possess almost all attributes oflaal imarker, which include the potential for
high throughput and low cost genotyping and theyehgince become the marker system of
choice (Yanet al., 2010). SNP markers received much consideratiarause of higher
frequencies in the genome compared to SSR markiens [hghelandtet al., 2010). SNP
markers are usually biallelic and tend to be ledsrinative than SSRs on a single marker

basis, nevertheless this weakness can be compeénfatey their abundance and the
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capacity to utilise SNP haplotypes (Guptaal., 2001; Chinget al., 2002; Rafalski, 2002).
SNP markers have become the most widely used nzadiecause they target single
nucleotide differences between genotypes, showiagempolymorphism compared to other
types of markers (Jurgg al., 2010).

According to Luet al. (2009) a large number of SNP markers would beireduo substitute
extremely polymorphic SSR markers in studies ofediity and relatedness. Jonetsal.
(2007) found a clear advantage for SNP markers weluating the repeatability of
genotyping results and proportion of missing dataSSR and SNP markers. In a study by
Van Inghelandet al. (2010) the average number of alleles per SSR la@ass higher than
that for the SNP markers and this was due mainihé¢ofact that SNP markers are usually
biallelic (Vignal et al., 2002). The use of SNP markers in plants has begted firstly by
high developing and implementation costs and sdgdnecause the development of SNP
markers in plants is complex due to the presentediyploid plants) of homologues i.e.
non-allelic versions of genes residing on homoealsgchromosomes. There are various SNP
genotyping methods available but most of them @oecostly for low- to medium-throughput
academic laboratories and breeding programmes (Cairal, 2004; Linet al., 2009). These
methods include the lllumina GoldenGate® genotypamgl KBiosciences Allele Specific
PCR technologies. It is also worth mentioning thatuse of SNP markers produces a simple
binary output that is appropriate for automaticadatllection systems and therefore their use
is gaining more popularity (Rostoksal., 2005; Varshnewt al., 2007).

SNP markers, specifically for cultivar identifiaai, have in recent years been developed for
use by the commercial sector following demand leydbmmercial sector (Readeal., 2006;
Shirasaweet al., 2006; Yoonet al., 2007). Numerous SNP markers, mostly developeah fro
DNA sequences of known genes, are now availablaiderin maize. Consequently SNP
markers have become the marker of choice for vartasks in maize improvement that
include genetic diversity analysis, linkage map starction, marker trait association or
guantitative trait locus (QTL) mapping and markssiated selection (MAS) (Let al.,
2009). Chinget al. (2002) investigated the frequency of SNPs andridigion of DNA

polymorphisms at 18 maize genes using 36 maizeethlines. Tenaillonet al. (2001)
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reported a SNP every 104 base pairs (bp) in coddgipns, whilst Chinget al. (2002)
reported a SNP every 31 bp in non-coding regiomsaaBNP every 124 bp in coding regions.
In another study by Rafalsaki (2002) a SNP everpgléh non-coding regions and every 130
bp in coding regions was reported. SNP frequencynaze has been found to be high
compared to other crops for example rice has a B&tRiency of 0.5-0.78%, wheat 0.5%
and soybean 0.36% (Vrahal., 2006).

2.4.7 Correlation between genetic distance and hetsis

GD has been widely used to predict the level oéffusis in maize. The level of heterosis in
F1 populations is correlated with GD of the parefitas, and with more divergent parents
the level of heterosis is higher axitte versa (Prasad and Singh, 1986; Duvick, 1999). In
crops such as maize, oat, wheat and rice, GD basedolecular markers has been broadly
correlated with heterosis but with diverse outcor(@@sorgeet al., 2011). Some studies
based on RFLP and SSR markers have concluded eteiohis is significantly correlated
with GDs (Leeet al., 1989; Smithet al., 1990; Melchingeet al., 1992; Georget al., 2011),
whilst a low correlation was reported by other e@sbers (Godshalké al., 1990; Melchinger

et al., 1990). Boppenmeieat al. (1992), Aimone-Marsoset al. (1998), Menkiret al. (2004),
Balestreet al. (2008), Legesset al. (2008) and Dhliwayoet al. (2009) reported no
significant correlation between GD among inbrecdirand the agronomic performance of
their R hybrids. In general, linear correlation betweenfDMarker-based genetic distance
and ik MPH seems to be higher among related and intrapgtban among unrelated and
inter-heterotic group lines (Melchinger, 1999). Closive results on the application of
molecular based GD in predicting hybrid performamtenaize have not been reported.
Betranet al. (2003) found that drought significantly depressedelations between GD and
F1 grain yield, MPH, HPH and SCA. Performance of dgpes is also influenced by G x E
interaction so it is critical that the magnitudedgrattern of G x E is examined. Genotypes
will tend to perform differently in different enanments resulting in changes in genotype

rankings.
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2.5 Genotype by environment interaction and asses&mt of stability

G x E interaction is the different performancesgefotypes in different environments and
consists of the following types of interaction:ciossover interaction (COI) or genotypic
rank changes across environments, the most criuntedaction in crop improvement and
production (Baker, 1988; 1990), ii) non-COI or scehanges among environments and iii) a
combination of both. G x E interactions may redwdim differences in manifestation and
severity of moisture stress in different environiserdifferences in flowering time and
mineral nutrient deficiencies and toxicities whasanifestation and rigorousness interrelate
with moisture stress (Coopetral., 1999; Banziger and Cooper 2001). G x E interastiare
critical only if they involve significant COI (Bakel1988; 1990). G x E interaction plays an
important role in the performance of different ggpes in various environments; therefore
the choice of genotypes and test sites determivetetvel of stability estimates (Robert and
Denis, 1996; Simiet al., 2003). Genotypes are generally evaluated in abeavironments
to select the best ones.

G x E interaction is a key concern in plant bregdiminly because it reduces progress from
selection due to the build-up effects of the thwemponents of interaction between genotype
and environment, namely genotype x location, gg®ix year and genotype x location x
year. It also poses challenges in cultivar recondagon because it is statistically difficult to
deduce the main effects (Kang and Magari, 1996)at®aships between phenotypic and
genotypic variances is reduced by G x E interactod this leads to best performing
genotypes in one environment to perform poorlynother, compelling breeders to look at
genotypic stability. Consequently large G x E iat#ions hinders advancement from
selection and has important repercussions forngstind cultivar release. Once G x E
interaction is identified as being significant & important to then assess the response of
varieties in different environments as well as asgsbeir overall stability. This can be done
through use of various statistical models some lbickv include additive main effects and
multiplicative interaction (AMMI) and genotype amgnotype by environment interaction
(GGE) biplot analysis.
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2.5.1 Additive main effects and multiplicative inteaction

Cultivar responses in multi-environment trials hdoeen predicted using various statistical
models. Models such as AMMI, genotype site regogssnodel (SREG) (Corneliug al.,
1996) and the model that combines genotype, envieohn and attribute variables in
regression models (GEAR) (Moreno-Gonzalez and @;0$3898) generally provide better
estimates of a genotype’s performance in specifisGrenments than genotype-environment
combination means. The AMMI model combines additwel multivariate methodologies
(Nurminiemiet al., 2002; Pinnschmidt and Hovmoller, 2002).

AMMI was found suitable to handle both the maireet§ and G x E interactions in multi-
location yield trials more effectively and efficignthan any other statistical model (Gauch,
1993). The amalgamation of analysis of variance QMA) and principal component

analysis (PCA) in the AMMI model alongside with gigion assessment is an important
tool in understanding G x E interaction and obtagnbetter yields. AMMI is represented by

the following model:
Yi=U+G+EB+Y k1 Mtk Y jk + €

Where Y; is the yield of the"l genotype in theé'jenvironment, p is the grand meanatd E
are the genotype and environment deviations froengitand mean, respectively is the
eigen value of the PCA analysis axisal, andyy are the genotype and the environmental
principal component scores for axis k, n is the bemof principal components retained in
the model anej; is the error term.

G x E interaction is partitioned into several ogboal axes namely interaction principal
component analysis (IPCA) using PCA of AMMI. IPCAfd IPCA2 are usually used in the
construction of a biplot because higher IPCA axessabject to noise and have no predictive
value (Van Eeuwijk, 1995). Wallacs al. (1993) concluded that AMMI statistical analysis
can separate and quantify G x E interaction effectsyield and other measured traits in
different environments.
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2.5.2 Genotype and genotype by environment interaon biplot analysis

GGE biplot methodology for graphical analysis ofltirenvironment trial data (MET) was
developed by Yaret al. (2000). GGE denotes genotypic main effect (G)splt x E
interaction, and these are two main sources ofatran that are relevant to cultivar
assessment. The GGE biplot displays the GGE of ME&fR. The biplot is constructed by
plotting the first two principal components (PCIlddnC2) and these are also referred to as
primary and secondary effects respectively. The R8d PC2 values are derived from
singular value decomposition (SVD) of the environtreentered data. GGE biplot analysis
is used to identify some of the least discrimingimcations and representative test locations
(Fanet al., 2006). The same researchers implied that the Gt methodology was a
valuable tool for categorising sites that lead pdiroum cultivar performance and efficient

utilisation of limited resources available for tlesting programmes.

2.6 Conclusions

As a result of climate change drought was preditbedccur frequently and Zimbabwe will
not be spurred from these droughts. There is & Bbih focusing on breeding varieties for
optimum conditions to breeding stress tolerantetass. Maize inbred lines developed in the
past through Zimbabwe’s National Breeding Programvaees not bred for drought and low
N stress tolerance. Generally, literature revieweaded that there is very little published
information for research conducted in Zimbabwe geimg to germplasm tolerant to biotic
and abiotic stress factors. There is a huge gdpsthiaexists between maize yield potential
and the actual yield in Zimbabwe, indicating thpportunities for grain yield improvement
do exist. Therefore breeding for tolerance to dibumnd other stresses would contribute
towards raising the national maize yield averageldylosses due to drought are largest at
flowering stage due to poor pollen-silk synchrohaand this further aggravates poor ear
and kernel development. It is suggested that gyeld can be improved by selecting for
short anthesis-silking interval and high numbeeafs per plant under stress environments. A
few studies reviewed revealed that additive getieragvas important in inheritance of grain
yield under drought conditions. Literature therefarveals that gene introgression in
parental-inbred lines is bound to improve hybridf@enance. Reviewed literature showed

that G x E interaction was of great concern to plareeders as it caused distortions in
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performance of varieties in multi-location trialsarge G x E interaction reduces progress
from selection and has important repercussionsefting and cultivar release. This suggests
that there is need to evaluate hybrids in multatamn trials and identify the high yielding
and stable ones before recommending them for eele@enetic diversity in a breeding
programme can be enhanced by germplasm colledtionsdivergent sources. However in
order to maximise utilisation of new introductiath&re is need to characterise germplasm to
determine genetic relationships among inbred lirleterosis is critical in a hybrid breeding
programme and the amount of heterosis between iagsssisted in determining the level of
genetic diversity. This suggests that heterosis lmarenhanced by determining heterotic
groupings such that crosses for hybrid developnaeatmade amongst lines in divergent

groups.
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CHAPTER 3
Combining ability between Zimbabwean and CIMMYT maize inbred lines

under stress and non-stress conditions

Abstract

Drought and low nitrogen (N) remain some of thean&pctors limiting maize production in
Zimbabwe. It is therefore crucial for the NatioBakeding Programme to continue assessing
the breeding values of potential stress toleramerga for developing new and locally
adapted hybrids. In this study 10 DR&SS and 13 CN\arental lines were crossed using
a NCDII mating scheme. The resultant 72 single srogbrids together with eight local
checks were evaluated under non-stress, droughtaandN conditions using a 0.1 alpha
lattice design with two replications across seviéessn the 2009/10 and 2010/11 seasons.
The objective of this study was to estimate the lwomg ability effects among the
CIMMYT and DR&SS elite white maize inbred lines.gBificant GCA and SCA effects
(P<0.001) for grain yield, anthesis days and anth&#igg interval across all environments
suggested the importance of both additive and militige gene effects respectively in the
expression of these traits. However, additive gacteon assumed a more important role as
shown by higher GCA variances for most traits. Nalditive gene action was found to be
important in the expression of grain yield, anthesilking interval, ears per plant and
senescence under stress environments. Larger ferwardining ability due to females
(GCAy) than general combining ability due to males (G{#for grain yield under drought
and for anthesis silking interval, ears per plard aenescence under both drought and low N
suggested the importance of maternal effects in ekpression of these traits. Tester
identification was based on good GCA for grain ¢iehnd stability under diverse
environments. Lines RS61P, NAWS5885, CML444, CML530ML442, CML537 and
CML548 showed desirable GCA effects under both ghoand low N conditions. In the SC
heterotic group the single cross RS61P/CML444 andthe N3 heterotic group
2N3d/CML548 was identified as potential testerse Hudy therefore identified superior

germplasm that will be put into use in germplasrprovement for stress environments.
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3.1 Introduction

Maize accounts for roughly 15% of the daily intakfecalories all over sub-Saharan Africa,
though this varies from region to region as somentizes obtain up to 50% of their every
day calories from maize (Stevens, 2008). Tempezatare expected to rise and rainfall
distribution to change in key production regionsaagsult of global climate change and this
is anticipated to lead to significant yield lossesmaize, mainly as a result of drought
(African Press Agency, 2007). Significant yearlelgi losses of between 9.3-15.5% are
expected to be accountable to moisture stress (\Maadg 2006). Maize ranks first in terms
of the number of producers, area grown and totadateroduction in Zimbabwe. Drought
reduced maize production in Zimbabwe by about 7@¥ween 1981 and 1982 (Rukueti
al.,, 2006) and in 1991-1993 the country again regestethe worst season for maize
production. In 2001-2003, the drought left abowesemillion people malnourished and the
nation imported more than two million tons of maibence the need to develop drought
tolerant varieties (Rukur al., 2006).

Hybrid maize breeding has become the major drivioige behind the success of seed
systems worldwide, mainly due to good adaptatiod anperior yield performance of
hybrids. As a result of hybrid breeding sufficienfrastructure has been developed mainly
for seed production and seed supply chain linkdge® been improved (Devi and Singh,
2011). It is essential for any breeding programmoeevaluate the breeding value of
prospective parental lines to be used for devetppiaw, locally or extensively adapted
varieties. NCDII crosses are used for assessing getion in breeding populations and this
is done by estimating GCA and SCA variances. G(kagents additive gene action and it is
the average performance of a line in different lddrwhilst SCA represents non-additive
gene action and it is measured as the deviatiomybfid performance from parental
performance. GCA and SCA are powerful tools usebiregders in selecting best parents for
further crosses. Studies on combining ability Hakpeders in identifying parental lines with
good GCA and in detecting hybrids with good SCAeHest performing genotypes ought to
show steady performance across environments, dsaded through multi-environment trials
(Devi and Singh, 2011).
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Heritability estimates allow breeders to developrenefficient selection strategies and to
predict gain from selection (Allard, 1999). Variancomponents and heritability estimates
have been extensively used by plant breeders gctsmh of promising genotypes and in
prediction of percentage heritability of desiratits (Morakinyo, 1996). While it is useful
to have an estimate of the total genetic effectsagparticular trait, such as broad-sense
heritability, narrow-sense heritability providebetter estimate of the breeding value (Allard,
1999). It is important to realise that heritabiliy not only influenced by the trait under
consideration but is also influenced by the popataind environmental conditions which
individuals are exposed to as well as the methodiath collection used (Falconer and
Mackay, 1996). It is advisable when selecting foairy yield of hybrids to do indirect
selection for other yield related traits that shdase correlation with yield and exhibit high

heritability because yield is considered a polygérait.

Germplasm improvement for drought tolerance withaén a high priority for the Zimbabwe
National Breeding Programme mainly because moghefnaize in the country is produced
under rain-fed conditions and is a major enterposesmall scale farms, where drought is
considered to be the chief abiotic limitation toguction. The Zimbabwe National Breeding
Programme is one of the partners that have workeskly with CIMMYT in producing
drought tolerant maize varieties. However, the pneidant maize inbred lines used by the
National Breeding Programme in the most successifd| current commercial hybrids and
their derivatives were developed in the last cgntad as such they were not screened for
drought tolerance. To this effect the National Biirg Programme has acquired a number of
inbred lines from CIMMYT for use in improvement existing inbred lines, development of
new inbred lines as well as constituting of newridd However, little is known about the
heterotic relationships between CIMMYT drought tatg maize donors and Zimbabwe
National Breeding Programme maize lines. In ordeddtermine the best parents to use in
the national breeding programme, it is importanutwlerstand the heterotic relationships
between the CIMMYT and National Breeding Programimes with a view of selecting
good parents to initiate crosses for pedigree, drask and potential marker assisted
recurrent selection (MARS) populations for linerextion. In addition, the classification of

the inbred lines into heterotic groups will fa@té exploitation of heterosis which can
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contribute to hybrid performance. The objectivegho$ study were to estimate combining
ability and heterotic patterns among 23 elite CIMM¥nd DR&SS inbred lines for grain

yield and other agronomic traits under optimal, Mwand drought conditions.

3.2 Materials and methods

3.2.1 Germplasm

Ten DR&SS elite inbred lines susceptible to droughtl diseases were crossed to 13
CIMMYT elite drought tolerant and disease resistargs (Table 3.1) using a NCDIl mating
scheme. DR&SS lines were used as females and CIMMI8s were used as males.
Seventy-two single cross hybrids were successfuibguced out of a potential 130 hybrids
and the hybrids are presented in Appendix 1. Thesas were evaluated at six sites in the
2009/10 summer season and one managed droughn dite winter of 2010. The same

evaluations were undertaken in the 2010/11 sumesan and the winter of 2011.

Table 3.1 Maize germplasm used to produce the sirgtross hybrids

DR&SS

lines Heterotic group CIMMYT lines Heterotic group

N3.2.3.3. N3 CML312-B A
SC5522 SC CML395-B B
2Kba SC CML442-B A
K64r N3 CML444-B-B B
NAWS5885 N3 CML536 A
SV1P SC CML537 A
WCOBY1P SC CML538 A
2N3d N3 CML539 A
RS61P SC CML548 A
RA214P N3 CML545 A

CML544 B

CZL052 B

CZL03007 B

3.2.2 Testing environments
Sites included one low N site, one mid-altitudes,sfour non-drought and high N sites and

one managed drought site. The sites were the AtgrrallResearch Trust Farm (ART Farm)
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(17°26'S, 31.5°E, 1 480 masl), Rattray Arnold Rededtation (RARS) (17°40'S, 1 308

masl), Harare Research Station (HRS) (17.13°S, 31°B06 masl), Kadoma Research
Institute (KRI) (18.32°S, 30.90°E, 1 155 masl), €dzi Research Station (CRS) (21.02°S,
31.58°E, 433 masl), and Chisumbanje Research Btd#0°S, 33°E, 455 masl). The

managed drought trial was planted at CRS duringminger. Trials were conducted in each

site in the 2009/10 and 2010/11 summer season2@t@ and 2011 winter seasons at CRS
only. ART Farm, RARS, CRS and Chisumbanje were stoess sites, whilst Kadoma was

non-stress within the mid-altitude and HRS wasoReN site.

3.2.3 Management

General maize cultural practices were applied btitds. Weeds were mostly controlled
using herbicides at all sites, but hand weeding alas done when necessary. Managed
drought trials were done in winter under irrigatiovhich was terminated two weeks before
flowering to target stress during flowering. Théatcamount of rainfall received in all the
sites in the 2009/10 and 2010/11 and the amounisigétion applied to managed drought
trials are presented in Table 3.2. The level dsstrapplied was projected to achieve 15-20%
(1-2 t h&") of yields achieved under well watered conditiofisis stress level delays silking
and causes ear abortion in non-stress toleranttgse® (Banzigeet al., 2000). Such stress
levels achieve an anthesis silking interval of lestw 4-8 days and 0.3-0.7 ears per plant
(Banzigeret al., 2000). The low N site used had already beenetleghlof N and this was
achieved through growing summer maize and irrigatater wheat continuously for six
years. According to the soil analysis results tbe Isad the capacity to supply N since it
contained 7 ppm in the top 30 cm of the soil angpih in the soil depth 30-60 cm. In terms
of kg ha' this translates to 54 kg haThe 7 ppm was therefore considered as low N.
Optimum sites constituted of the crop grown durithg rainy season under rain-fed
conditions with different N rates being appliedhe crop in different sites. Maize fert (N-8,
P-16, K-8) was applied as basal dressing with ARfimf Rattray Arnold, Chiredzi and
Chisumbanije receiving 400 kg hand Kadoma 350 kg Ha Different rates of ammonium
nitrate (AN) were also applied with ART farm andtfRay Arnold receiving two split
applications of 200 kg ha Chiredzi and Chisumbanje two split applicatiofid®0 kg h&
and Kadoma two split applications of 100 kg'ha
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Table 3.2 Amount of rainfall received and irrigation applied in the 2009/10 and 2010/11

seasons
Site Amount of rainfall(mm) Irrigation applied (mm)
2009/1( 2010/1: 2009/1( 2010/1:
ART farm 714 529
RARS 107¢ 907.t
Harare 563 533.5
Kadome 59¢ 500.t
Chiredzi 3323 341.3 220 220
Chisumbanj 335.2 466.5

ART farm=Agricultural Research Trust farm; RARS=Ray Arnold Research Station

3.2.4 Experimental design and data collection

Each site consisted of one hybrid and one paréméhland these were planted side by side.
The hybrid trial consisted of 72 hybrids and eilghibrid checks whilst the line trial consisted
of 23 lines and two inbred checks. Trials were f@dnn six sites during summer and one site
during winter. Trials were planted using a 0.1 alpdittice design with two replications for
both the hybrid and line trials. The hybrid trial®re one row each whilst the line trials
constituted of two rows. The rows were 4 m longweah inter-row spacing of 0.75 m and in-
row spacing of 0.25 m. A maximum of four seeds welanted per planting station and
plants were thinned to one plant per station aelweeks after emergence to achieve the
targeted plant population of 53 000 plantd Haifferent traits were measured and derived as
described in Table 3.3. The data were collectddviahg the standard practise at CIMMYT.

3.2.5 Statistical analysis

ANOVA for each environment and combined ANOVA wearemputed using the PROC
MIXED procedure of SAS (SAS Institute, 2002). Gemats were considered fixed effects
whilst replications and incomplete blocks were ¢deied random effects. The SAS
programme for the line x tester analysis was usedompute the GCA and SCA effects
following the procedure presented by Singh and @haty (1977). The following line x

tester model was used:
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Yik =p+g+g+s+n+ax

Where:

Yik = mean value of a character measured on cropii " replication
g = GCA effect of f parent

g = GCA effect of the parent |

sj = SCA effect of crossixj

r« = replication effect

gjk = environmental effect peculiar to (ifk)ndividual

p = population mean effect

Estimation of GCA effects:
Lines: g= x.../tr —y.../Irt
Testers: g= x;/Ir — x.../ltr

Estimation of SCA effects:

Sj = X /r — %.../tr = x;/Ir — x.../ltr
Where:

| = number of lines

t = number of testers

r = number of replications

Estimation of standard errors:
S.E. (GCAforline) = (Mr x t)*
S.E. (GCA for tester) = (Mr x )
S.E. (SCA effects) = (W)™

S.E. (g-g) line = (2MJr x t)*
S.E.(g—g)tester = (2MrxI)*
S.E. (5-%) = (2M\r)”

For each cross combination;(PP,) MPH was calculated as the difference betweerFthe

hybrid mean and the average of its parents (Fatcme Mackay, 1996) as follows:
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MPH = [(R-MP)/MP] x 100
Where F is the mean of the;Fhybrid performance and MP =3P P,)/2 in which R and B

are the means of the inbred parents, respectively.

Heritability of all the traits was calculated usitige narrow sense formula according to
Hallauer and Miranda (1988).
h® = gcal/ gca + sca + error
Where: K = narrow sense heritability
gca = General combining ability

sca = Specific combining ability

3.3 Results

3.3.1 Analysis of variance and hybrid mean performace across all environments

The means for different traits presented in taligkis chapter are for best 10 and poorest 10
hybrids in terms of grain yield and the completdadéor all the entries is found in
Appendices 2-5. The data for GCA effects for limesl testers presented in figures is also
presented in Appendices 6 and 7. ANOVA and meangtan yield and other agronomic
traits across the 14 sites in the 2009/10 and 2016¢asons are presented in Tables 3.4 and
3.5. Sites were highly significantly different fall traits (Table 3.4, £0.001). Entries were
highly significantly different for grain yield, amesis date, anthesis silking interval, plant
height and ear height £8.001) and significantly different for ears perml@P<0.05). The
general combining ability attributable to femaleGC{;) mean squareswere highly
significant (0.001) for grain yield, anthesis days, anthesidmgjlinterval, plant height and
ear height, whilst ears per plant were only sigaifit at R0.05. GCA*site was highly
significant for grain yield, anthesis silking intat, plant height and ear height. The GCA
was highly significant (R0.001) for grain yield, anthesis days, anthesksrgilinterval, plant

height and ear height and was not significant &s eer plant.
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Table 3.3 Agronomic traits that were measured and erived

Trait

Procedure

Anthesis days (AD) /silking date (SD)

Anthesis silking interval (ASI)

Ears per plant (EPP)

Plant height (PH)

Ear height (EH)

Ear position (EPO)
Root lodging (RL)

Stem lodging (SL)

Leaf senescence (SEN)

Ear rot (ER)

Ear aspect (EA)
Grain texture (TEX)
Grain yield (GYD)

Foliar diseases

Taken as nambf days after planting to
when 50% of plants started shedding pollen
or had extruded silks of at least 5cm

Derived from antie date and silking date
as follows: ASI=SD-AD

Calculated as a ratio of thraher of ears
with at least one fully developed grain
divided by the number of harvested plants

Measured as the height betweebdise of
a plant and the insertion of the first tassel
branch
Measured as the height betweebalse of
a plant to the insertion of the top ear
Calculated as EH divided by PH
Measured as a percentage of pldhat
showed lodging by being inclined 45°
Measured as a percentage of plémat
were broken below the ear

Measured on a score of lith(lvihaving
no signs of senescence and 10 100%
senescence

Measured as the number of ears aftfecte
then converted to percentage
Measured as the appearance ohathaith
1 being excellent and 5 being very poor
Measured on a scale of 1-5 wiitibeing
flint and 5 being dent
Calculated from shelled grain glai per
plot adjusted to 12.5% grain moisture
Measured on a scale Of 1-5 whers 1
completely free from disease and 5 severely
affected
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The GCA and GCA, mean squares were greater than SCA mean squarak ti@its. SCA
was significant for grain yield, anthesis silkingtdrval and plant height £0.001) and
significant for anthesis days €P.05). SCA*site was highly significant £B.001) for
anthesis days, plant height<®01) and anthesis silking interval<@®05). The mean values
for grain yield, anthesis days, anthesis silkingenval, ears per plant, plant height and ear
height across 14 sites were 4.07 £ h20.6 days, 1.4 days, 0.84 ears, 238.5 cm and! £22.
respectively (Table 3.6).

Senescence is another important trait especialiigiudrought and low N conditions. Entries
were significantly different for this trait £0.001) as well as for grey leaf spot, common rust
and leaf blight turcicun(Table 3.5). The sites were significantly differémt senescence, ear
rot, grey leaf spot, common rust and leaf blightitum. The GCA mean squares were
larger than GCA mean squares for senescence, grey leaf spot ahdlight turcicum and
on the other hand, the overall GCA mean squares {aeger than the SCA mean squares. A
check variety, entry 74 (SC727), out-yielded alperxmental hybrids as well as the check
varieties and had a mean yield of 5.62't [iBable 3.6). The second best performer was entry
61 (RS61P/ CML548) with a mean vyield of 5.31 t'lad it performed above the mean. The
poorest performing hybrid was entry 17 (2Kba/CML{#dth a mean vyield of 2.29 t Ha
Generally the hybrids had good disease scores &, RUST and ET except for entry 48
(2N3d/CML444), which had a GLS score of 3.9 (Tahig).
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Table 3.4 Combined analysis of variance of 14 sg#ein the 2009/10 and 2010/11 seasons for grain yiehnd other

agronomic traits

Source DF GYD AD ASI EPP PH EH EPO
Site 13 547.24%** 20561.34** 558.42%** 2.12%* 20700.97** 86941.07** 0.617***
Entry 69 9.70%** 192.96%** 16.61** 0.15* 4165.09** 2417.32%* 0.012%+*
GCA; 7 48.42%** 887.08*** 62.34%+* 0.23* 16331.75%* 845.14*** 0.038***
GCA, 11 18.93*** 646.52** 25.18*** 0.17 12050.78*** 960.36*** 0.029***
GCAy*site 79 2.90%** 0.00 5.30%** 0.15* 706.29%** 430.8** 0.006
GCA*site 119 0.29 0.00 7.16%* 0.13* 661.57*+* 344187 0.006**
Site*entry 765 1.35% 0.65 4.25%* 0.12 448.98*** BA32** 0.004
SCA 52 2.69%** 5.87** 8.46*** 0.13 785.61*** 185.72 0.005
SCA* site 566 1.33 5.52%* 3.48* 0.11 368.55** 125 0.004
Error 843 1.34 3.24 2.92 0.11 301.78 192.6 0.004
Heritability (narrow sense) % 60 73 40 66 73 93 74

***p <0.001; *P<0.01; *P<0.05; GYD=grain yield; AD=anthesis days; ASl=antheis silking interval; EPP=ears per plant; PH=plant height; EH=ear height; EPO=ear position;
DF=degrees of freedom; GCA=general combining ability attributable to females;GCAn=general combining ability attributable to males; SCA=specific combining ability.
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Table 3.5 Combined analysis of variance across Hites for senescence and diseases in
the 2009/10 and 2010/11 seasons

Source DF  SEN DF ER DF GLS RUST ET
Site 4 1207227 11 5552.60+* 2 707155 1570 4.20%+
Entry 69 1.26%* 69 105.95% 69 L7180 Q.18 0.3
Site*entry 254 012 627 80.71* 94 068  0.10 024
GCA, 7 532w 7 201.76% 7 750+ 0287  0.86%*
GCA,, 11 321w 11 108.16 11 3.28%% Q51 (85w
GCAsite 26 043 65 12385% 10 0.14 0.09 0.52%
GCA,*site 40 000 97 89.94* 14 186  0.28%* 0.29*
SCA 52 0.65%* 52 102.12* 52 057%  0.10 0.19
Site*line*tester 187  0.08 464 7161 69 052% 006 0.19
Error 328 030 704 69.21 166 033 0.10 0.18
S”;g?g()”ty (narrow 59 49 43 67 92

***P <0.001; **P<0.01; *P<0.05; SEN=senescence; ER=ear rot; GLS=grey leaf $pRUST=common rust; ET=leaf blight turcicum;
DF=degrees of freedom; GCA=general combining ability attributable to females;GCAn=general combining ability attributable to
males; SCA=specific combining ability.

Combined ANOVA across six optimum sites and the ricdybmean performances are
presented in Table 3.7. Entry 74 (SC727) was tlsé fierformer (7.86 t g across optimum
conditions followed by entry 68 (RA214P/CML538) fla 3.7). Entry 61 (RS61P/CML548)
was still among the top 10 best performing hybadd had an anthesis silking interval of -
0.1 together with entry 23 CML545/2Kba-B) and en89 (K64r/CML442). Entries 57
(RS61P/CML444), 48 (2N3d/CML444) and 5 (N3.2.3.3/CM4) had the best ears per plant
values of 1.00, 1.08 and 1.01 respectively. Enftwas the third best hybrid across all sites
and maintained the same position under optimum itond. Entries 74, 61, 57, 48, 52, 79
and 68 were amongst the best ten hybrids acrosgedland under optimum conditions they

were also amongst the best 10 hybrids, althougdkings varied.

The mean performance for grain yield and other r@moc traits under managed drought
conditions are presented in Table 3.8. The datsepted is for the best 10 hybrids and the
poorest 10 hybrids. The best ten hybrids performeli above the mean (2.09 tHaEntry

52 (CML548/2N3d) was the best performing hybrid emananaged drought over two

seasons with a mean yield of 3.26 tha
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Table 3.6 Performance of hybrids for grain yield aml other agronomic traits across 14 sites in the 20010 and 2010/11

seasons
Entry GYD AD ASI PH EH RL SL EPP ER GLS RUST ET SEN
tha® d d cm cm % % # % 1-5 1-5 1-5 1-10
Best 10 hybrids 74 5.62 75.3 1.4 266.7 138.6 5.7 5.0 0.80 8.4 15 31 2.2 1.9
61 5.31 69.7 0.6 230.7 1195 11.0 3.7 0.92 5.0 27 1.0 15 2.1
57 4.94 72.4 15 240.5 133.3 6.9 6.7 0.91 5.2 16 .01 2.6 1.9
54 4.89 70.2 1.6 2422 138.7 8.3 4.6 0.87 6.9 21 01 1.8 1.9
48 4.88 73.0 1.1 267.9 147.0 7.7 3.7 0.96 8.1 39 41 1.1 1.8
63 4.78 69.8 1.2 227.3 121.1 19.4 6.7 0.85 4.7 1.3 1.0 1.6 2.1
52 4.76 71.0 1.0 244.4 125.3 9.4 1.8 0.86 12.7 31 13 2.0 2.2
79 4.74 75.1 0.9 243.3 135.6 5.4 5.5 0.83 4.4 1.9 01 15 1.8
45 4.74 70.2 1.9 239.6 1225 7.7 7.9 0.84 6.3 27 01 15 2.1
68 4.69 70.7 15 2355 114.6 10.0 0.6 0.89 7.4 1.8 1.0 15 2.3
Poorest 10 hybrids 69 3.48 71.7 1.6 191.4 91.6 6.2 208 0.72 7.3 2.6 1.0 1.0 2.4
18 3.45 71.0 1.7 249.4 133.7 1.9 6.6 0.86 6.4 23 41 1.9 2.3
39 341 71.4 0.7 251.1 132.2 6.0 0.7 0.87 8.2 33 51 1.0 1.7
50 341 70.7 15 2322 116.2 14.7 33 0.69 12.7 31 13 1.6 2.2
14 3.28 75.6 2.6 257.7 142.8 7.0 11.4 0.74 6.1 1.6 1.2 1.8 1.9
37 3.07 68.4 0.4 222.6 107.8 17.3 145 0.70 9.0 1.7 11 1.8 2.2
73 2.91 72.3 4.2 250.8 136.2 20.7 2.9 0.55 13.2 27 1.2 2.0 2.3
12 2.79 73.7 2.4 251.5 134.7 16.2 4.7 0.70 71 29 1.0 21 2.2
29 2.37 71.2 33 238.3 127.3 18.6 215 0.74 9.8 28 1.3 2.7 2.0
17 2.29 74.4 2.8 239.8 124.9 16.3 11.9 0.67 59 91 1.4 1.2 2.0
Mean 4.07 70.6 1.4 2385 122.4 10.3 6.1 0.84 7.6 5 2. 1.1 1.8 21
LSD 0.68 0.9 0.9 10.1 8.0 9.2 11.0 0.11 4.4 0.9 05 09 0.4
MSE 1.04 2.9 2.1 285 163.4 129.1 60.6 0.02 35.0 05 0.1 0.2 0.1

GYD=grain yield; AD=anthesis days; ASl=anthesis sking interval; PH=plant height; EH=ear height; RL=r oot lodging; SL=stem lodging; EPP=ears per plant; R=ear rot; GLS=grey
leaf spot; RUST=common rust; ET=leaf blight turcicum; SEN=senescence; LSD=least significant differencelSE=mean square error; DF=degrees of freedom.

63



Table 3.7 Performance of hybrids for grain yield an other agronomic traits across six optimum sitesni the 2009/10 and
2010/11 seasons

Entry GYD AD ASI PH EH RL SL EPP HC ER GLS RUST ET
tha! d d cm cm % % # % % 1-5 1-5 1-5

Best 10 hybrids 74 7.86 73.1 0.6 296.5 148.5 49 0 5 097 224 45 1.5 1.3 2.2
68 6.79 67.8 0.1 257.1 120.6 10.0 0.6 0.95 5.2 73 1.8 1.0 1.5

57 6.63 70.0 0.5 262.5 142.5 11.1 6.7 1.00 11.1 27 16 1.0 2.6

48 6.63 69.2 0.5 291.1 151.6 6.0 3.7 1.08 8.7 92 9 3 14 1.1

61 6.62 67.5 0.1 247.8 120.5 13.1 3.7 0.98 193 7 3. 27 1.0 15

7 6.61 67.5 1.0 266.5 122.7 9.8 5.6 0.86 8.8 65 8 1. 09 1.8

79 6.55 715 0.5 264.6 141.0 9.0 55 0.96 3.3 34 91 10 1.5

5 6.54 69.6 0.7 272.4 142.7 10.8 13.1 1.01 13.1 29 34 1.1 2.3

51 6.52 67.1 0.9 265.6 116.9 8.0 7.6 0.98 16.0 73 36 1.0 1.6

52 6.45 68.5 0.2 261.9 125.6 6.0 1.8 0.95 24.8 44 31 1.3 2.0
Poorest 10 hybrids 13 4.49 70.2 1.6 276.6 1361 320. 6.7 0.85 5.8 4.8 2.4 1.9 2.8
23 4.46 63.8 0.1 249.9 119.5 45 9.0 0.92 161 912, 21 1.3 2.3

30 4.44 65.4 0.1 246.1 110.1 6.9 2.0 0.86 16.1 59 38 1.2 25

22 4.33 64.3 0.1 250.0 120.2 12.1 4.4 0.92 16.5 3.0 3.0 1.0 1.0

73 4.26 68.9 3.0 278.2 142.7 23.7 2.9 0.66 9.0 7.7 27 1.2 2.0

18 4.17 68.8 0.6 270.5 134.1 1.1 6.6 0.98 22.1 6.8 2.3 1.4 1.9

37 3.67 65.3 0.1 240.9 111.6 25.2 14.5 0.87 7.9 6.7 1.7 1.1 1.8

12 3.54 70.4 0.9 282.9 137.1 17.3 4.7 0.78 3.7 41 29 1.0 2.1

17 3.10 71.2 1.6 270.4 125.2 14.0 11.9 0.90 195 2 8 19 1.4 1.2

29 2.91 67.8 2.1 257.7 129.1 17.9 215 0.81 70 16 28 1.3 2.7

MEAN 5.39 67.7 0.6 260.2 125.5 9.9 6.1 0.94 13.0 3 5. 25 1.1 1.8

LSD 0.99 1.2 1.0 145 9.4 14.0 11.0 0.12 9.6 4.2 9 0. 05 0.9

MSE 1.24 2.1 1.4 263.7 112.6 147.6 60.6 0.01 92.1 341 0.5 0.1 0.2

GYD=grain yield; AD=anthesis days; ASl=anthesis sking interval; PH=plant height; EH=ear height; RL=r oot lodging; SL=stem lodging; EPP=ears per plant; i&=husk cover;
ER=ear rot; GLS=grey leaf spot; RUST; common rust;ET=leaf blight turcicum; LSD=least significant difference; MSE=mean square error; DF=degrees of freedn

64



Table 3.8 Performance of hybrids for grain yield ad other agronomic traits
across two managed drought sites in the 2009/10 a@810/11 seasons

Entry GYD AD ASI PH EH RL EPP SEN
that d d cm cm % # 1-10
Best 10 hybrids 52 3.26 98.0 1.1 236.9 121.6 55 0.95 3.7
27 3.07 95.8 0.9 216.6 100.7 0.2 1.07 3.3
19 3.01 91.7 1.9 230.5 105.7 0.7 0.90 3.2
38 3.01 94.6 3.0 222.9 110.3 7.5 0.92 2.9
59 2.84 94.8 -0.1 210.4 102.3 3.5 0.91 3.8
36 2.79 90.6 -0.7 215.9 98.2 0.6 0.96 3.6
61 2.79 94.1 1.9 230.1 114.4 2.3 0.97 3.6
66 2.77 98.7 4.4 220.8 105.7 5.2 0.84 3.9
3 2.74 97.1 3.0 228.5 119.4 314 0.79 3.7
30 2.71 93.7 1.3 226.4 112.9 2.1 0.96 35
Poorest 10 hybrids 17 1.40 102.3 4.5 214.2 115.9 419 0.30 35
68 1.40 96.8 4.0 219.3 102.1 -1.1 0.76 4.1
65 1.36 102.8 3.9 238.7 120.6 0.4 0.19 3.8
43 1.36 97.7 3.6 2324 111.7 5.6 0.67 3.9
13 1.35 97.7 0.1 238.2 112.6 4.5 0.10 3.8
14 1.18 104.0 1.2 237.9 114.1 6.4 0.43 3.3
51 1.17 97.2 1.0 227.6 104.3 9.5 0.68 35
73 1.15 99.2 5.8 247.4 124.2 -0.7 0.21 4.0
56 1.04 99.3 2.8 209.3 96.1 23.3 0.44 3.7
69 0.59 95.6 2.9 166.9 66.4 -3.1 0.30 4.1
Mean 2.09 96.4 1.7 223.7 109.3 4.5 0.77 3.6
LSD 0.92 2.6 2.3 20.9 23.0 15.7 0.45 0.73
MSE 0.42 3.3 2.8 220 267.5 62.5 0.05 0.3

PPt e S S OReero WS St oo OBt st
Entry 61 (RS61P/ CML548) and entry 52 (CML548/2NBdwere amongst the best 10
hybrids across sites (Table 3.6) as well as underaged drought (Table 3.8). Entry 59
(CML538/RS61P-B) and entry 36 CML545/K64r-B) hadodaanthesis silking interval
values of -0.1 and -0.7 respectively, which ardrdbke under drought conditions. Entry
69 (CML539/RA214P-B) was the poorest amongst dblrials with a mean yield of 0.59 t
ha'. Entry 27 (K64r-B/CML536) had 1.07 ears per plander managed drought and was
the second best performing hybrid in terms of ggé@hd. The number of days to anthesis
increased under managed drought conditions witleannof 96.4 days compared to 67.7

days under optimum conditions.
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Mean hybrid performance for grain yield and othecandary traits under low N
conditions are presented in Table 3.8. Entry 76HQ229), an experimental hybrid from
CIMMYT, was the best performing hybrid, followed bytry 16 CZL03007/SC5522-B).
Generally the mean yields were low under low N dtons with a mean of 0.47 t Ha
Entries 61, 54 and 57 remained within the ten pedbrming hybrids. Plant heights were
reduced under low N conditions with a mean of 2L The days to anthesis increased
with anthesis-silking interval with mean values7®.9 and 7.3 days, respectively. The
ear rot values were also high with entry 2 recay8.9% ear rot. Ears per plant values
were also lower than under low N with a mean ofGcémpared to 0.77 under managed

drought.

3.3.2 Performanceper se of inbred lines

In across site analysis the inbred line CML548 wasbest performer (2.91 t Haand
the poorest performer was SC5522 (0.51Y)Ha@able 3.10). CML548 was also the best
performer under optimum conditions and the poopstformer was again SC5522.
Under managed drought 2Kba was the best yields7 (8ha') followed by K64r (3.12 t
ha'). The CIMMYT inbred lines generally displayed leetperformance across all sites

compared to the DR&SS inbred lines.

3.3.3 Combining ability and heritability

GCA variances had predominance over the SCA vasmifar all traits. In ears per plant
SCA variance was 52% of the GCA variance. Ear helgid the highest heritability
value (93%) and anthesis-silking interval had thwwdst heritability value (40%) (Table
3.11). Grain yield had a narrow sense heritabiity60%. Three traits anthesis-silking,
ear rot and GLS had heritability estimates belo#50
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Table 3.9 Performance of hybrids across two low triogen sites in the 2009/10 and
2010/11 seasons

Entry GYD AD ASI PH RL EPP ER
tha d d cm % # %

Best 10 hybrids 76 0.81 71.4 4.7 210.9 2.6 0.76 8.8
16 0.77 73.4 5.9 228.0 1.9 0.56 12.6

3 0.76 715 10.3 217.7 2.0 0.76 10.1
0.75 73.4 4.6 222.3 0.8 0.79 11.7

54 0.73 73.7 41 210.4 5.0 0.70 24.6
61 0.73 70.7 2.3 177.7 7.2 0.76 9.3

8 0.72 70.3 6.8 217.1 1.0 0.78 125

78 0.71 74.1 7.9 192.3 6.3 0.65 27.9

57 0.68 73.6 8.6 221.9 1.7 0.79 16.2

26 0.67 70.4 6.3 239.7 31 0.71 26.0

Poorest 10 hybrids 30 0.26 69.7 8.8 185.1 7.1 0.86 26.8

70 0.22 77.2 17.6 205.8 10.4 0.36 43.9
73 0.22 74.8 12.2 215.0 15.2 0.59 29.6
45 0.21 71.4 114 220.8 6.2 0.66 14.4

2 0.2 74.6 8.6 184.9 4.7 0.44 59.9

50 0.16 74.4 7.8 207.6 6.5 0.47 38.7

37 0.15 73.7 9.5 185.7 8.3 0.38 30.6
25 0.14 725 124 205.3 0.3 0.44 21.3

11 0.10 71.9 126 2345 31.6 0.67 16.8
69 0.08 75.5 8.8 208.3 6.0 0.51 24.3
Mean 0.47 72.9 7.3 217.0 5.0 0.67 19.3
LSD 0.34 3.9 5.0 46.6 22.3 0.22 21.8
MSE 0.03 7.5 6.3 546.9 125 0.02 119.6

GYD=grain yield; AD=anthesis days; ASI=anthesis sking interval; PH=plant height; RL=root lodging; EP P=ears per plant;
ER=ear rot; LSD=least significant difference; MSE=nean square error; DF=degrees of freedom.

3.3.4 Correlation between grain yield and secondgrtraits

Grain yield was significantly negatively correlat@@<0.01) with the secondary traits
anthesis date (r8.314, anthesis silking interval (¢¥8.299) and positively correlated with
ears per plant (r=0.57) (Table 3.12). There wasitgnt correlation (R0.01) of
anthesis date with anthesis silking interval, plagight and ear height. Anthesis silking
interval was negatively but significantly correldteith ears per plant. Grain yield was

negatively correlated with senescence althougltohelation was not significant.
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Table 3.10 Performance of inbred parents for grairyield (t ha) across different environments in the 2009/10 an2010/11

seasons

Inbred line Across Optimum Managed drought Low N
N3233-B 1.52 1.94 2.98 0.83
SC5522-B 0.51 0.63 1.26 0.28
2Kba-B 1.17 1.55 3.57 0.35
K64r-B 1.37 1.77 3.12 0.02
NAW5885-B 1.30 1.67 2.61 0.02
SV1P-B 1.05 1.21 1.50 0.65
WCOBY1P-B 1.19 1.91 1.21 0.54
2N3d-B 1.98 2.65 2.29 1.11
RS61P-B 2.53 3.32 2.77 0.53
RA214P-B 1.75 231 1.58 0.78
Group Mean 1.44 1.90 2.29 0.51
CML312-B 1.68 2.25 2.41 0.80
CML395-B 2.39 3.20 2.48 0.71
CML442-B 2.27 291 2.34 0.76
CML444-B-B 2.58 2.60 1.29 1.43
CML536 1.81 2.37 1.94 0.65
CML537 2.32 3.16 0.94 0.52
CML538 2.37 2.98 2.85 1.21
CML539 1.99 2.54 2.02 1.15
CML548 291 3.87 151 1.34
CML545 2.58 3.04 2.99 2.30
CML544 1.95 242 1.92 1.53
CZL052 1.52 1.99 2.69 0.44
CZL03007 1.91 2.49 2.43 0.47
CML448 1.60 2.08 2.29 0.49
CML449 2.83 3.44 2.86 1.74
Group Mean 2.18 2.75 2.54 1.10
Mean 1.88 2.41 2.63 0.83
LSD 0.49 0.62 1.22 1.32
MSE 0.34 0.36 0.51 0.41
Min 0.51 0.63 0.94 0.02
Max 2.91 3.87 3.57 2.3

68



Table 3.11 General and specific combining abilityvariances and heritability

estimates for the measured traits across sites

Trait GCA variance SCA variance Heritability %
GYD 75.72 10.76 60
AD 3548.32 23.48 73
ASI 249.36 13.92 40
EPP 0.92 0.52 66
PH 48203.12 3142.44 73
EH 33900.56 742.88 93
SEN 21.32 2.60 74
ER 807.04 408.48 59
GLS 30.36 2.28 49
RUST 2.04 04 67
ET 3.44 0.76 92

GYD=grain yield; AD=anthesis days; ASl=anthesis siing interval; EPP=ears per plant; PH=plant height; EH=ear height;
SEN=senescence; ER=ear rot; GLS= grey leaf spot; BT=common rust; ET=leaf blight turcicum; GCA=generd combining
ability; SCA=specific combining ability.

Table 3.12 Correlation coefficients between graiield and other secondary traits

under managed drought conditions

GYD AD ASI PH EH RL EPP
AD -0.31**
ASI -0.30** 0.30**
PH 0.00 0.56** 0.14
EH 0.07 0.51* 0.04 0.84
RL -0.68 0.24* 0.17 0.11 0.09
EPP 0.57** -0.47 -0.42** -0.17 -0.09 -0.22
SEN -0.20 -0.21 0.13 -0.12 -0.23* -0.03 -0.12

* P<0.01; *P<0.05; GYD=grain yield; AD=anthesis days; ASI=anthes silking interval; PH=plant height; EH=ear height;
RL=root lodging; EPP=ears per plant; SEN=senescence

Grain yield was negatively but significantly coatld (0.01) with anthesis silking
interval (r=-0.538), root lodging (r=-0.346) and eat (r=-0.434) under low N conditions
(Table 3.13). It was also highly and positively reteited with ears per plant. Anthesis
days were significantly @.01) and positively correlated with anthesis sidkinterval
and negatively correlated with ears per plant. Asih silking interval was correlated
with root lodging (R0.05), ears per plant and ear ro£@®1). The correlation with ears
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per plant and root lodging was negative. As exgkatars per plant were significantly
and negatively correlated with ear rots.

Grain yield was significantly @0.05) and negatively correlated with root lodgimg-(
0.27) and stem lodging (r=-0.28) under optimum dos (Table 3.14). It was also
significantly (<0.01) and positively correlated with ears per plar0.48). Anthesis
days were significantly @.01) and positively correlated with anthesis sigkinterval

and ear and plant height. Plant height was highty/@ositively correlated with ear height
(r=0.85).

3.3.5 Relative contribution of general combining hility and specific combining
ability sums of squares to variation

GCA sum of squares contributed a larger percentdgeriation to grain yield across

sites, and for optimum and low N conditions, whisider managed drought conditions

SCA contributed a higher percentage of the vamaitable 3.15). Again GCA made a

larger contribution in all sites for anthesis dgyant height and ear height.

Table 3.13 Correlation coefficients between graityield and other secondary traits
under low nitrogen conditions

GYD AD ASI PH RL EPP
AD -0.20
ASI -0.54** 0.30**
PH 0.13 0.28* 0.07
RL -0.35** 0.03 0.27* -0.20
EPP 0.47* -0.38** -0.38** 0.22 -0.36**
ER -0.43** 0.07 0.35** -0.17 0.12 -0.37**

**P <0.01; *P<0.05; GYD=grain yield; AD=anthesis days; ASl=anthes silking interval; PH=plant height; RL=root lodgi ng;
EPP=ears per plant; ER=ear rot.
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Table 3.14 Correlation coefficients between graityield and other secondary traits

under optimum conditions

GYD AD ASI PH EH RL SL
AD 0.01
ASI -0.21 0.4¢*
PH 0.01 0.6¢** 0.50
EH 0.15 0.70** 0.49** 0.85**
RL -0.27* 0.03 0.28* 0.05 0.07
SL -0.28* 0.07 0.14 -0.11 -0.01 0.25*
EPF 0.4 0.01 -0.31+* -0.0z 0.0 -0.34%* -0.1C

**P <0.01; *P<0.05; GYD=grain yield; AD=anthesis days; ASl=anthesis sking interval; PH=plant height; EH=ear height;
RL=root lodging; SL=stem lodging; EPP=ears per plah

SCA contributed more to variation for ears per plgmolificacy) in all sites as well as
for anthesis silking interval under drought and Ibwsites. GCA was partitioned into
GCA; and GCA, (Table 3.15)GCA; dominated GCA for grain yield across sites (52 vs
31%), under optimum conditions (53 vs 28%) and uhol® N conditions (44 vs 28%),
whereas under drought they contributed the saneeptge (22%). GGAwas generally
higher than GCAfor anthesis days. Anthesis silking interval wasitoolled by GCA
across sites and under low N sites, whilst undeugint and optimum conditions it was
controlled by GCA.

3.3.6 Importance of maternal and paternal effects

In across site analysis GE&Mean squares were higher than GO#Aean squares for
grain yield, anthesis days, anthesis silking irderwlant height, ears per plant,
senescence, ear position, GLS and ear rot (Tab@&.3Jnder optimum conditions GEA
mean squares were higher than GCean squares for grain yield, anthesis days,
anthesis silking interval, plant height and GLS.A3@nd GCA, mean squares for grain
yield under drought conditions were both not sigaiit. GCA mean squares were again
higher for grain yield under low N conditions aslives for anthesis silking interval. The

mean squares for senescence were both not significaer drought conditions.
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Table 3.15 Relative contribution §’SS) for GCA and SCA across environments

% Sum of Squares

Trait Environment Female GCA Male GCA SCA
GYD Across 52 31 17
Optimum 53 28 19
Drought 22 22 56
Low N 44 28 28
AD Across 26 53 21
Optimum 38 55 7
Drought 39 51 10
Low N 30 47 23
ASI Across 38 24 38
Optimum 34 36 30
Drought 12 21 67
Low N 29 22 49
EPP Across 15 18 67
Optimum 15 30 55
Drought 24 15 61
Low N 19 19 62
SEN Drought 20 25 55
PH Across 40 46 14
Optimum 43 47 10
EH Across 34 60 6
Optimum 32 59 9

GCA=general combining ability; SCA=specific combinng ability; GYD=grain yield; AD=anthesis days; ASl=anthesis silking
interval; EPP=ears per plant; SEN=senescence; PH=ght height; EH=ear height.

3.3.7 General combining ability effects across emanments

The inbred line GCA effects across sites for graeid, anthesis days, anthesis silking
interval, ears per plant, plant height, ear heiglipt lodging, stem lodging and

senescence are presented in Figures 3.1, 3.2 dhel 347.

The line with the best GCA value for grain yield4®) (Figure 3.1) and ears per plant
(0.064) (Table 3.17) across all environments wa61RS SC5522 had the poorest GCA
effect for grain yield (-0.95) (Figure 3.1). Theea line GCA values for anthesis days
would be the negative values and in this case itlee With the best GCA value for
anthesis days was 2Kba (-1.99) (Figure 3.2).
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Table 3.16 Mean squares for general combining alty due to female and male

effects under different environments

Trait Across Optimum Managed drought Low N

GCA¢ GCAn GCA¢ GCAn GCA¢ GCAn, GCA¢ GCAn
GYD 48.42%* 18.93** 37.88*** 12.76%* 3.21 2.02 PG+ 1.62%+*
AD 887.08*** 646.52%* 213.55%** 194.83**  210.91** 177.88*** 76.78%* 76.98%**
ASI 62.34%+* 25.18%** 22.68** 15.39%** 10.38** 11.46%* 48.91%+* 23.14**
PH 16331.75***  12050.78** 11775.29*** 8195.45** 1880.71*** 1632.11*** 3563.03*** 1941.45%**
EH 8475.14**  9060.36***  4574.82***  5346.24** 1366.65*** 1399.11** 541.46* 577.16**
EPP 0.23* 0.17 0.048* 0.062%** 0.18** 0.07 0.12%* 0.07**
SEN 5.32%** 3.21%** nm nm 0.74 0.6 nm nm
EPO 0.038*** 0.029%** 0.022%** 0.018*** 0.009* 0.00* 0.005 0.006
GLS 7.59%** 3.28%** 7.58** 3.27%* nm nm nm nm
RUST 0.28** 0.51** 0.28* 0.51%* nm nm nm nm
ET 0.86** 0.85*** 0.86*** 0.84*** nm nm nm nm
ER 201.76** 108.16 61.66** 96.74*** nm nm nm nm

***P <0.001; **P<0.01; *P<0.05; GCA=female general combining ability; GCA,=male general combining ability; GYD=grain
yield; AD=anthesis days; ASI=anthesis silking interal; PH=plant height; EH=ear height; EPP=ears per (ant;
SEN=senescence; EPO=ear position; GLS=grey leaf $pRUST=common rust; ET=leaf blight turcicum; ER=ear rot; nm=not
measured.

SC5522 had the highest positive GCA effect for esith days (5.19) which is an
indication that it is a very late line. K64r hacethest GCA value for anthesis silking
interval (-0.69), plant height (-9.5) and ear heigi.7) (Table 3.17).

The tester GCA effects for grain yield are preseimeFigure 3.3. The tester with the best
GCA effect for grain yield was tester 11 (CML548gsters with the poorest GCA effect
for grain yield were testers 1 (CML395) and 12 (©BR) (Figure 3.3)Testers 3 and 7
had good anthesis days values whilst tester 10thadhighest positive GCA value for
anthesis days, indicating that it is very late (ff@g3.4). The tester with the best GCA
effect for anthesis silking interval was tester file tester 1 had the poorest GCA
effect for anthesis silking interval. The tester &S€ffects for other agronomic traits are
presented in Table 3.18.
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Figure 3.1 Line general combining ability (GCA) vauies for grain yield for all

environments.

Table 3.17 Line general combining ability values floother agronomic traits for all

environments

Line ASI EPP PH EH RL SL SEN
Ke4r -0.69* 0.001 -9.5%* -7.7%* 1.8 12 0.4*
N3.2.3.3 0.34 -0.026 6.2* 5.1* 0.5 -0.3 1.2%x
RS61P -0.57* 0.064 -6.6* 17 -0.9 -5.6* -1.9%*
NAW5885 0.71* 0.015 2.3 2.7 1.0 13 0.2*
2N3d -0.29 -0.011 14.0 7.2%* -6.7* 2.8 1.5%x*
2Kba -0.05 -0.009 -5.6* -3.9 2.4 -0.1 -0.5*
SC5522 0.70** -0.062 20.9%** 16.8*** -1.5 0.1 -0.8*
RA214P 0.38 -0.016 0.7 -1.0 -2.3 0.3 0.1
LSD (0.05) 0.015 0.00056 1.54 0.98 143 4.33 0.004
SE 0.348 0.067 3.545 2.83 3.28 4.19 0.111

**p <0.001; **P<0.01; *P<0.05; ASl=anthesis silking interval; EPP=ears per fant; PH=plant height; EH=ear height;
RL=root lodging; SL=stem lodging; SEN=senescence;3D=least significant difference.
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Figure 3.2 Line general combining ability (GCA) vdues for anthesis days for all
environments.
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Figure 3.3 Tester general combining ability (GCA)effects for grain yield for all
environments.
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Figure 3.4 Tester general combining ability (GCA) #ects for anthesis days for

all environments.

Table 3.18 Tester general combining ability effestfor other agronomic traits under

all environments

Tester ASI EPP PH EH RL SL SEN

1 1.00** -0.078 19.0%** 15.7%+* 2.2 18 0.5**
2 -0.50* 0.022 -9.3** -6.0* -8.4* -1.8 -0.3*
3 -0.20 0.005 -13.2%* -11.1%* 0.1 0.4 -0.3*
4 0.10 0.003 -0.3 -3.3 -0.8 -1.5 -0.7**
5 0.10 0.000 2.4 -01 4.0 -4.0 0.7**
6 -0.10 -0.005 -6.0* -3.8 2.3 3.8 -1.6%+*
7 -0.60* 0.034 -4.0 -1.0 -1.1 -2.2 1.1%*
8 -0.20 -0.032 -3.2 -4.9 -1.0 -2.4 0.3*
9 0.30 -0.026 11.3%* 11.7%* -1.0 -1.8 0.2
10 -0.10 0.027 20.0%** 15.6%** -0.1 14.7%* -0.7**
11 0.20 0.058 -2.3 -1.6 -1.5 -0.9 0.8**
12 -1.00** 0.026 -6.4* 0.2 -9.8** 14 -3.3%r*

LSD (0.05) 0.02 0.00056 1.54 0.98 1.43 4.33 0.004
SE 0.43 0.082 4.34 3.47 4.02 5.13 0.136

***P <0.001; **P<0.01; *P<0.05; ASI=anthesis silking interval, EPP=ears per lant; PH=plant height; EH=ear height;
RL=root lodging; SL=stem lodging; SEN=senescence;3D=least significant difference.
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3.3.8 General combining ability effects under optimmm conditions

The line GCA effects for grain yield were signifita(P<0.05). The line with the best
positive GCA effect for grain yield was RS61P (Q.6dllowed by N3.2.3.3 (0.59)
(Figure 3.5). Four lines K64r, 2N3d, 2Kba and SC552ad negative GCA effects for
grain yield under optimum conditions with SC552%ihg the poorest GCA effect of -
1.32. GCA effects for the other agronomic traitslemoptimum conditions are presented
in Table 3.19. There were five lines with negat¥€A effect for anthesis days, which is
an indication of their earliness. K64r recorded @AGeffect for anthesis days of -1.68
followed by 2Kba with a GCA effect of -1.43. SC55B2ad the highest positive GCA
effect for anthesis days of 3.75. Anthesis silkintgrval is another important trait to
consider in selection and lines K64r, RS61P, 2NBd 2Kba recorded negative GCA
effects for anthesis silking interval of -0.64, 48, -0.29 and -0.14 respectively.
Generally RS61P displayed good GCA effects fortdrauch as plant height, ears per
plant, root and stalk lodging and diseases withetkeeption of ear height. SC5522 had
the highest positive GCA effect for plant heigh6.@®), ear height (18.24) and root
lodging (5.59). K64r had positive GCA effects fdlrdiseases recorded.

0.5

K64 N3.2.3.3 RS61P NAWS5885 ‘ZN3(I1 ‘ZKbA SEC5522 RA214P

Line GCA

-15

Lines

Figure 3.5 Line general combining ability (GCA) efects for grain yield under

optimum conditions.
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Table 3.19 Line general combining ability effectsdr anthesis days and other agronomic traits under@imum conditions

Line AD ASI EPP PH EH RL SL ER ET GLS RUST
K64r -1.68*** -0.64** -0.014 -12.76%** -9.60**+* 0.3 -0.95 1.19%** 0.20** 0.01 0.05
N3.2.3.3 0.45* 0.40* 0.009 11.39%+* 8.30*** 255 62 -0.42 0.03 0.39* 0.01
RS61P -0.64** -0.42* 0.039 -11.13%** 1.38 -1.13 78. -1.30%** -0.01 -0.38* -0.12*
NAW5885 -0.11 0.64** -0.017 4.99*% -1.33 0.06 0.46 .08 -0.23* 0.05 0.02
2N3d 1.58*** -0.29 -0.001 14.32%+* 4.07* 0.97 0.36 -0.17 -0.03 1.36%** 0.15*
2Kba -1.43%* -0.14 -0.013 -6.53* -4.90** -0.64 123 0.79* 0.04 -0.11 0.00
SC5522 3.75%** 0.96*** -0.054 25.49%x 18.24%+* 5.9* -0.26 -4.78%+* 0.24** -0.10 0.22*
RA214P 1.83*** 0.15 0.014 1.78 0.07 -4.57* 0.13 0.4 -0.09 -0.39* -0.06
LSD (0.05) 0.027 0.017 0.00019 2.64 157 251 1.35 0.21 0.004 0.0078 0.002
SE 0.309 0.242 0.0258 3.03 2.34 2.95 1.76 0.69 0.084 1153 0.061

***pP <0.001; **P<0.01; *P<0.05; AD=anthesis days; ASI=anthesis silking inteal; EPP=ears per plant; PH=plant height; EH=ear heght; RL=root lodging; SL=stem lodging; ER=ear
rot; ET=leaf blight turcicum; GLS=grey leaf spot; RUST=common rust; LSD=least significant difference.
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Tester GCA effects for grain yield and other agroitraits are presented in Table 3.20.
Tester 11 (CML548) had the highest positive GCAeeffffor grain yield and the tester with
the poorest GCA effect was tester 10 (CML536) vattmegative GCA effect. Tester 2
(CML312) had the best GCA effects for both anthekigs and anthesis silking interval,
whilst tester 10 (CML536) had the highest posits@A effect for anthesis days.

3.3.9 General combining ability effects under managd drought conditions

Lines K64r and RS61P had the highest significasD(65) positive GCA effects for grain
yield under drought conditions of 0.37 followed HAW5885 with a GCA effect of 0.12
(Figure 3.6). The rest of the lines had negativeAGHfects for grain yield under drought
conditions with SC5522 having the poorest GCA effébe GCA effects for the secondary
traits anthesis days, anthesis silking intervals geer plant and senescence are presented in
Table 3.21. Two lines K64r and RS61P, had neg&i€& effects for both anthesis days and
anthesis silking interval. These two lines alscorded good GCA effects for ears per plant
and senescence. Lines SC5522 and RA214P had poareg#é€cts for anthesis days and
other secondary traits.

3.3.10 General combining ability effects under lowitrogen conditions

Three lines had significant positive GCA effects goain yield under low N conditions with
RS61P having the best GCA effect of 0.58 (Figui®.3.ine 2N3d had the poorest GCA
effect of -0.70 followed by SC5522 with a GCA effef -0.63. Tester 3 (CML 539) had the
best GCA effect for grain under low N conditions3@® while tester 1 (CML 395) had the
lowest GCA effect (-0.68) (Figure 3.8). Lines 2Kémad RS61P showed significant negative
GCA effects for anthesis days of -1.6 and -1.4 eespely whilst lines 2N3d and SC5522
showed significant positive GCA effects of 2.7 athd respectively (Table 3.22). Line
RS61P had a significant negative GCA effect forhasis silking interval. RS61P and
N3.2.3.3 had positive significant GCA effects fargeper plant. Tester GCA effects for other
traits are presented in Table 3.23.
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Table 3.20 Tester general combining ability effect®r grain yield and other agronomic traits under gptimum conditions

Tester GYD AD ASI PH EH RL SL EPP ER ET GLS RUST
1 -1.19%** 2.7%x 1.4%x 20.4%x 15.2%+* 9.7%** 2. 2 -0.073 -4.9%+* 0.6** 0.3* 0.4*
2 -0.97** -3.3%* -1.2%* -21.5%* -12.2%** -9.6%** 9.5%** 0.004 -3.3%* -0.3* -0.6** -0.1
3 0.22 -1.6%* -0.4* -15.7%** -10.7%** -4.1 2.6* -0001 -0.8* -0.1 0.3* -0.1
4 -0.02 -0.4 0.2 -1.0 -4.8* -1.7 -1.9 -0.009 -0.1 10 0.5** 0.0
5 0.16 0.5 0.2 2.9* -0.7 3.6 -1.8 0.029 0.4 -0.1 3*0. -0.1
6 0.02 -0.6 -0.2 -4.6* -3.2* 3.2 1.6 -0.011 -1.7* -0.1 -0.5%* 0.0
7 0.10 -2.2%%* -0.6* -6.3* -3.2* -5.9* -1.3 0.040 2 0.0 -0.1 -0.1
8 0.25 -0.4 -0.2 -4.6* -5.9* -1.3 -2.9% -0.048 14* 0.1 -0.4* -0.1
9 0.01 3.0%** 0.2 15,900 16.7%%* -0.4 4.3%* 0.025 1.4* 0.0 -01 0.2*
10 -1.34%** 3.6%** -0.2 29.6%** 22.7%%* 13.2%%* -3.7* 0.016 -3.5%** 0.2* -0.1 0.3*
11 0.48* 0.1 0.3 -0.1 -1.1 -3.9 -1.0 0.003 -0.9* 210 0.0 0.0
12 -1.10%** -3.0%* -1.0%* -23.1%** -4.7* -3.5 -1.6 0.004 -3.3%* 0.6** -0.3* 0.2*
LSD (0.05) 0.024 0.027 0.017 2.64 1.57 251 1.35 00019 0.27 0.004 0.0078 0.002
SE 0.25 0.379 0.297 3.71 2.86 3.61 2.16 0.03162 708 0.1030 0.1414 0.075

**p <0.001; **P<0.01; *P<0.05; GYD=grain yield; AD=anthesis days; ASI=antheis silking interval, PH=plant height; EH=ear height, RL=root lodging; SL=stalk lodging; EPP=ears
per plant; ER=ear rot; ET= leaf blight turcicum; GL S=grey leaf spot; RUST=common rust; LSD=least sigficant difference.
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Tester 3 (CML539) had the best significant negaB@A effect for anthesis days (-2.2),
whilst tester 12 (CZL052) had a significant negat®@CA effect for anthesis silking interval
(-1.7). Tester 4 (CML 442) had the best GCA effectears per plant under low N conditions
(Table 3.23), whilst tester 5 (CML 537) had the igst GCA effect. Testers 1 (CML395), 2
(CML 312), 6 ([CML445/ZM621B]-2-1-2-3-1-B*8), 10 (@L536) and 11 (ZM523A-16-2-
1-1-B*5) showed good GCA effects for both plantgigiand ear height.

0.5
0.4
0.3
0.2

0.1

Line GCA
o

Lines

Figure 3.6 Line general combining ability (GCA) efécts for grain yield under

managed drought conditions.

3.3.11 Specific combining ability effects acrosslanvironments
The SCA effects for crosses are presented in TaBKe The line and tester GCA effects are
also presented in the same table in order to determhether lines with good GCA effects

also produced crosses with good SCA effectg@arversa.
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Table 3.21 Line general combining ability effectsdr anthesis days and other secondary
traits under managed drought conditions

Line AD ASI EPP SEN
K64r -2.0%* -0.7* 0.07 -0.02
N3.2.3.3 1.4%* 0.4 -0.06 0.13
RS61P -2.2%** -0.4 0.06 -0.21*
NAW5885 0.3 0.4 0.07 -0.23*
2N3d 2.8%* -0.5 -0.01 0.01
2Kba -3.4%** 0.3 0.01 0.09
SC5522 2.3%%* 0.1 -0.13 0.09
RA214P 2.7+ 0.7* -0.07 0.15
LSD (0.05) 0.12 0.13 0.0019 0.01
SE 0.373 0.39 0.046 0.117

***pP <0.001; **P<0.01; *P<0.05; AD=anthesis days; ASl=anthesis silking inteial; EPP=ears per plant; SEN=senescence;
LSD=least significant difference.

Line GCA

Lines

Figure 3.7 Line general combining ability (GCA) efects for grain yield under low
nitrogen conditions.
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0.4

Tester GCA

Testers

Figure 3.8 Tester general combining ability (GCA)effects for grain yield under low
nitrogen conditions.

Table 3.22 Line general combining ability effect®f other agronomic traits under low
nitrogen conditions

Line AD ASI EPP PH EH
K64r -0.4 -0.9* -0.0296 -6.9 -3.5
N3.2.3.3 0.2 0.8* 0.0230 3.3 1.2
RS61P -1.4%* -2.1%* 0.1314 8.8* 6.8*
NAW5885 -0.7 0.3 -0.0335 8.5% 1.0
2N3d 2.7 1.5 0.0087 -30.0%** -7.2%*
2Kba -1.6** -0.4 -0.0298 4.3 21
SC5522 4. 1%+ 1.9% -0.0711 -16.0%** -7.5%*
RA214P 1.4* 1.3* -0.0427 2.4 -1.5
LSD (0.05) 0.26 0.34 0.00089 24.05 8.04
SE 0.55 0.63 0.032 5.26 3.05

***P <0.001; **P<0.01; *P<0.05; AD=anthesis days; ASI=anthesis silking intel; EPP=ears per plant; PH=plant height; EH=ear
height; LSD=least significant difference.
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Table 3.23 Tester general combining ability effectef other agronomic traits under low

nitrogen conditions

Tester AD ASI EPP PH EH
1 3.6 1.9 -0.0972 -23.6%** -9.5%*
2 -1.8%* 1.1* 0.0849 -26.5*** -8.3**
3 -2.2%* -0.1 0.0703 7.2 -2.7
4 -1.3* -1.3* 0.0972 3.0 -0.1
5 1.1* -0.2 -0.0005 5.1 4.9*
6 -0.8 1.6* -0.0793 -8.9% -5.1*
7 -1.5* -1.4%* 0.0278 4.2 4.7*
8 -0.7 -0.4 -0.0093 2.0 -0.9
9 2.5%** 0.5 -0.0283 10.1* 8.0**
10 5.5%* -0.7 0.0566 -25.3%** -12.8%**
11 -0.2 0.7 -0.0534 -1.6 -1.1
12 -1.1* -1.7%* 0.0274 -11.2%* 0.4
LSD (0.05) 0.26 0.34 0.00089 24.05 8.04
SE 0.67 0.77 0.03924 6.45 3.73

;:iz hstolf)é)tl): ;:Zitoéci);r;] i;izgiod?f;feArE;?:.theSis days; ASl=anthesis silking inteal; EPP=ears per plant; PH=plant height; EH=ear
The cross with the highest SCA (0.79) for grairld/was between line 3 (RS61P) and tester
9 (CML444) whilst the poorest (-0.76) was betwaar B (RA214P) and tester 3 (CML539).
RS61P (line 3) had the best positive GCA effect @wl 444 (tester 9) had negative GCA.
The second best cross was between line 6 (2Kbadester 11 (CML548). Both the line and
the tester had positive GCA effects. The pooresiwas between line 6 (2Kba) and tester 9
(CML444) and both these lines had negative GCAc#dfdor grain yield. SC5522 had
significant positive SCA effects of 0.77 and 0.7&spectively (data not shown) with
CML395 and CML 536 of 0.77 despite the fact thdtad the poorest GCA effect for grain
yield.

Line 6 (2Kba) and tester 11 (CML548) produced assrwith the best SCA effects for
anthesis days (-5.73) (Table 3.25). 2Kba (line &)l la negative GCA effect (-1.99) for
anthesis days whilst CML548 (tester 11) also haegative GCA effect (-0.29) for anthesis
days. The same line 2Kba produced a cross withsdiy® SCA effect (2.66) with tester 9
(CML444), which had a positive GCA effect of 2.&fne 4 (NAW5885) with a negative

84



Table 3.24 Specific combining ability effects for igin yield across all environments

Line

Tester 1 2 3 4 5 6 8 GCA
3 0.50* 0.15 -0.06 -0.52* 0.07 0.35 -0.76**  0.16
4 0.02 -0.23 -0.65* 0.51* 0.06 0.18 -0.17 0.19
5 0.36 -0.09 -0.26 -0.32 -0.45 0.27 0.03 0.24
7 0.14 0.50* -0.20 -0.19 -0.50* 0.12 0.13 0.01
8 -0.09 0.03 -0.07 -0.17 -0.26 -0.22 036 0.13
9 0.35 0.32 0.79** -0.30 0.33 -0.92** -0.27 -0.11
11 0.03 -0.44 0.08 -0.50* -0.16 0.68* 0.19 0.34

GCA -0.12 0.17 0.72 0.13 -0.9 -0.27 0.18

Lines 1=K64r; 2=N3.2.3.3; 3=RS61P; 4=NAW5885; 5=2M3 6=2Kba; 8=RA214P; Testers 3=CML539; 4=CML442; 5€ML537;
7=CML545; 8=CML538; 9=CML444; 11=CZL052; GCA=generd combining ability. SE=0.82; LSDs:V(§)=0.014* and 0.018** for
testing significance of SCA effects from zero; *£0.05; **P<0.01.

Table 3.25 Specific combining ability effects foanthesis days across all environments

Line

Tester 1 2 3 4 5 6 8 GCA
3 -0.6C 0.817 -0.5¢ 0.0z 0.81 -0.1¢€ 1.3% -2.11
4 -0.32 -0.34 1.61* -0.44 0.55 -0.02 0.55 -0.78
5 -0.47 -0.08 -0.71 1.52* 0.57 -0.03 0.80 0.51
7 -0.30 0.42 0.28 0.23 0.02 -0.14 -0.96 -2.13
8 -0.05 -0.51 0.35 1.48* 0.93 0.08 -0.53 -0.91
9 -0.54 -0.96 -0.25 -1.97* -1.16 2.66%** -0.20 2.86
11 0.15 -0.49 0.40 2.07** -0.57 -5.73%xx 0.88 -0.29

GCA -1.44 0.24 -1.12 -0.50 3.60 -1.99 1.40

Lines 1=K64r; 2=N3.2.3.3; 3=RS61P; 4=NAW5885; 5=2M3 6=2Kba; 8=RA214P; Testers 3=CML539; 4=CML442; 5€EML537;
7=CML545; 8=CML538; 9=CML444; 11=CZL052; GCA=generd combining ability. SE=1.27; LSDs:V(g)=2.10* and 2.96** for
testing significance of SCA effects from zero; *®0.05; **P<0.01; ***P<0.001.

GCA effect (-0.50) produced three crosses with lpghitive SCA effects of 2.07, 1.52 and
1.48 with testers 11(CML548), 5 (CML537) and 8 (CB88) respectively.

SCA effects for anthesis silking interval are presd in Table 3.26. Crosses with negative
SCA effects are ideal. The cross with the best S&fact (-1.53) was between line 4
(NAW5885) and tester 9 (CML444) and both the lind #he tester had positive GCA effects
of 0.71 and 0.26 respectively. The same crossltmatést GCA effect for anthesis days. The
poorest cross (1.31) was between line 6 (2Kba)testér 9 (CML444) with GCA effects of -

0.05 and 0.26, respectively. The second best avassbetween line 2 (N3.2.3.3) and tester
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11 CML548 with a SCA effect of -0.66 and the twaoegrds had positive GCA effects of 0.34
and 0.26, respectively.

Table 3.26 Specific combining ability for anthesis silking interval across all
environments

Line

Tester 1 2 3 4 5 6 8 GCA
3 -0.27 0.01 0.35 0.46 -0.15 -0.60 0.25 -0.16
4 -0.25 0.54 -0.36 0.33 -0.48 -0.23 0.29 0.12
5 -0.14 -0.13 0.14 0.03 0.30 -0.04 0.05 0.08
7 -0.17 -0.09 0.11 1.21* -0.52 -0.06 -0.60 -0.60
8 -0.01 0.40 -0.58 -0.26 0.65 0.39 -0.22 -0.16
9 0.2C -0.3C 0.2t -1.5% -0.3C 1.3F -0.3€ 0.2¢
11 0.2¢ -0.6€ -0.41 0.3C -0.2¢ -0.0¢ 0.74 0.2¢

GCA -0.69 0.34 -0.57 0.71 -0.29 -0.05 0.38

Lines 1=K64r; 2=N3.2.3.3; 3=RS61P; 4=NAW5885; 5=2M3 6=2Kba; 8=RA214P; Testers 3=CML539; 4=CML442; 5€ML537;
7=CML545; 8=CML538; 9=CML444; 11=CZL052; GCA=generd combining ability. SE=1.21; LSDs: V(sij)=1.99* anl 2.82** for
testing significance of SCA effects from zero. *£0.05

3.3.12 Specific combining ability effects under ophum conditions

The cross between line 3 (RS61P) and tester 9 (GMIL4ad the highest positive SCA
effect for grain yield under optimum conditions9®) and both parents had positive GCA
effects for grain yield (Table 3.27). The secondtbzross was between line 1 (K64r) and
tester 3 (CML 539) and one of the parents K64rdaaagative GCA effect for grain yield (-
0.38). The cross between line 3 (RS61P) and tds{@ML 442) had the highest negative
SCA effect (-1.10). Line 6 (2Kba) and tester 4 (CMWA2) produced a cross with a positive
SCA effect (0.47) when they both had negative G@Aces for grain yield of -0.70 and -
0.02 respectively. Line 4 (NAW5885) had positive &€ffect for grain yield but it produced
crosses with negative SCA effects with testers BI(G39), 5 (CML 537), 7 (CML545), 8
(CML 538), 9 (CML 444) and 11 (CML548) (Table 3.26)

3.3.13 Specific combining ability effects under maaged drought conditions

Line 5 (2N3d) and tester 9 (CML 444) had negativ@Geffects of grain yield of -0.21 and -
0.42 respectively but they produced a cross wighhighest significant positive SCA effect
under managed drought (1.16) (Table 3.28). Tes{@ML 442) had the highest GCA effect
but had crosses with negative SCA effects of -Ov& line 5 (2N3d) and -0.74 with line 3
(RS61P) which also had a positive GCA effect. Taeeptal lines with positive GCA effects
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sometimes produced hybrids with negative SCA, wbitsthe other hand some parental lines

with negative GCA effects produced hybrids withipee GCA effects.

Table 3.27 Specific combining ability for grain yiéd under optimum conditions

Line
Tester 1 2 3 4 5 6 8 GCA
3 0.94** 0.16 -0.01 -0.44 0.35 -0.19 -1.05** 0.22
4 -0.33 -0.07 -1.10** 0.57 0.42 0.47 -0.13 -0.02
5 0.38 -0.35 -0.05 -0.18 -0.26 0.11 -0.19 0.16
7 0.13 0.37 0.12 -0.26 -0.71 -0.07 0.13 0.10
8 -0.37 0.51 -0.49 -0.57 -0.18 -0.17 0.76* 0.25
9 0.62 0.67 0.99** -0.68 -0.06 -0.86* -0.54 0.01
11 -0.05 -0.48 0.12 -0.36 -0.55 0.72* -0.07 0.48
GCA -0.38 0.59 0.64 0.36 -0.92 -0.70 0.37

Lines 1=K64r; 2=N3.2.3.3; 3=RS61P; 4=NAW5885; 5=2M3 6=2Kba; 8=RA214P; Testers 3=CML539; 4=CML442; 5€ML537;
7=CML545; 8=CML538; 9=CML444; 11=CZL052; GCA=generd combining ability. SE=0.71; LSDs: (V$)=1.17* and 1.65** for
testing significance of SCA effects from zero; *£0.05; **P<0.01.

Table 3.28 Specific combining ability effects undemanaged drought conditions

Line

Tester 1 2 3 4 5 6 8 GCA
3 0.3Z 0.3Z 0.7&* -0.4¢€ -0.0¢ -0.41 -0.77* -0.1:
4 0.11 -0.13 -0.74** 0.66* -0.80** 0.50* 0.25 0.59
5 -0.34 -0.87** 0.17 0.79** -0.51* 0.03 0.58* -0.04
7 0.5C* 0.6 -0.5€* -0.5¢* -0.34 0.64* 0.0€ -0.1¢
8 0.17 -0.60* 0.20 0.53* -0.18 -0.20 -0.08 -0.10
9 -0.37 -0.36 0.06 0.24 1.16%** -0.69* 0.27 -0.42

GCA 0.37 -0.0¢ 0.37 0.12 -0.21 -0.15 -0.2¢€

Lines 1=K64r; 2=N3.2.3.3; 3=RS61P; 4=NAW5885; 5=2N3 6=2Kba; 8=RA214P; Testers 3=CML539; 4=CML442; 5€ML537;
7=CML545; 8=CML538; 9=CML444; 11=CZL052; GCA=generd combining ability. SE=0.42; LSDs: V($)=0.69* and 0.97** for
testing significance of SCA effects from zero. *£0.05; **P<0.01; ***P<0.001.

3.3.14 Specific combining ability effects under lomitrogen conditions

Parental lines generally produced hybrids with tiggaSCA effects (Table 3.29). Line 1
(K64r) and tester 4 (CML442) produced a hybrid wihk highest significant positive SCA
effect (0.73). Line 3 (RS61P) with the highest GE€ffects produced hybrids with negative
SCA effects for grain yield with testers 4 (CML443)(CML537) and 7 (CML545). Line 3

(RS61P) and tester 3(CML539) produced a crosstivélsecond best (0.66) SCA effect.

87



Table 3.29 Specific combining ability effects undelow nitrogen conditions

Line
Tester 1 2 3 4 5 6 8 GCA
3 -0.11 0.10 0.66** -0.15 -0.41** 0.16 -0.64** 0.30
4 0.73** -0.15 -0.55** 0.05 -0.12 -0.09 -0.11 0.27
5 0.13 0.43** -0.41* -0.57** -0.16 0.41** -0.09 0.18
7 0.18 -0.07 -0.28 0.23 0.34* -0.12 -0.01 -0.07
8 -0.30* -0.06 0.26 -0.56** -0.31* 0.21 0.43** -0.01
9 0.2¢ 0.07 0.4¢+* 0.0¢ -0.07 -0.5%* -0.1C 0.11
11 0.09 0.03 0.10 -0.16 -0.19 -0.18 -0.12 0.09
GCA -0.07 0.14 0.58 0.21 -0.70 -0.12 -0.21

Lines 1=K64r; 2=N3.2.3.3; 3=RS61P; 4=NAW5885; 5=2M3 6=2Kba; 8=RA214P; Testers 3=CML539; 4=CML442; 5€ML537;
7=CML545; 8=CML538; 9=CML444; 11=CZL052; GCA=generd combining ability. SE=0.17; LSDs: V(sij)=0.28* amnl 0.40** for
testing significance of SCA effects from zero; *£0.05; **P<0.01.

3.4 Discussion

The ANOVA revealed significant differences for grayield and other agronomic traits
among the inbred parents and their single crossids/bn different environments. The
environments under which evaluations were done wemerse and this was proved by the
significant differences among them. The differdnt@erformance of genotypes over
environments, as found in the current study, hgsliaations for breeding, presenting the
question of whether to breed for specific or gehadaptation. On the other hand such
information is useful in identifying a suitable gaype for specific environments. Entry 74
(SC727), a late maturing single cross hybrid, oaleed all experimental hybrids as the
other hybrids were among the medium maturity graugpe maturing hybrids always tend to
give higher yields because when the season lesgiteal they have more time to capture
and utilise the sun’s energy when forming theiirg{&mithet al., 2009). Vasaét al. (1992)
reported mean grain yields of 4.59 t'hander sub-tropical environments and 4.35 1 ha
under temperate environments. The average grald sgported in this study for all crosses,
across all environments, was 4.07 t'tend this was again similar to the result repotigd
Georgeet al. (2011). The four hybrids (entries 54, 57, 61 &8 that were amongst the top
10 best performing hybrids in across site analysid one common parent, RS61P. The
highest yielding hybrid among the experimental iddrentry 61, was from a cross between
heterotic groups CIMMYT A x DR&SS SC (B) and theviest yielding hybrid entry 17 was
between CIMMYT B x DR&SS SC (B) heterotic groupdjile some of the best performing
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hybrids (entries 54, 57 and 61) were among CIMMY X BR&SS SC (B). Results show
that there was no consistency in hybrid performdmsed on predefined heterotic groups.
Similar results were reported by Dhliwagbal. (2009). Breeders at CIMMYT initially put
more emphasis on population improvement at the resgef hybrids and they are now
extracting lines from these broad populations (Hagtsal., 2012). Therefore heterotic
grouping used at CIMMYT is too broad and it is idiffit to divide lines into heterotic groups
when the lines were developed from the same ofigioal without considering their racial
origin or heterotic pattern. Again the designatd® and B groups at CIMMYT might have
done in an arbitrary manner for the conveniencenahaging germplasm lines in hybrid-

oriented programmes.

Lines and testers differed significantly for antBegays under different environments. The
number of days to anthesis was expressed diffgrdoyl the lines across the tested
environments. Mungoma and Pollak (1988) and Be#taal. (2003) reported significant
differences for anthesis days under different emritents and their results agree with
findings in this study. The mean days to anthes&ewhigher under stress conditions
(drought and low N) due to the negative effectsdtiess had on the growth of the maize
crop. Vasakt al. (1992) recorded mean days to anthesis of 71 uedgrerate environments
and 54 under sub-tropical environments. This hasingplication on breeding, in that
selection for anthesis days has to be done undenamp conditions to cater especially for

seed production.

The trial mean yield of 2.09 t Hareported in this study under drought was 61% lothian

the trial mean (5.39 t Ha under optimum conditions. According to Banzigeal. (2000) the
level of yield reduction observed in the currenidstwas associated with severe drought and
results are within previously reported yield reductranges of drought stress levels to screen
maize genotypes (Camphesal., 2006). Betraret al. (2003) reported yield reductions of 13
and 50% under intermediate and severe droughtsstrespectively, in one site and
reductions of 5 and 48% in another site during shene season. Banzigetr al. (2000)
however, reported yield reductions under moderateight of 15-20%. Negative anthesis

silking-interval values reported in this study wendicative of ideal varieties under drought

89



conditions. This showed that the varieties were a&blsynchronise pollen shedding with silk
emergence. Edmeadetsal. (1993) concluded that a reduced anthesis silkitegval was a
sign of improved apportioning of assimilates tosearound flowering time. This scenario
assists drought tolerant selection cycles to re#dkimg earlier and have a better ear biomass
at anthesis. Entry 27 had an average number ofpearglant of 1.07 and this contributed to

its good performance.

Highly significant and negative correlations betwegain yield, anthesis days and anthesis
silking interval under stress conditions were régain this study and results are indicative
of the fact that an increase in any of these trassilts in a corresponding decrease in grain
yield. These findings are consistent with findirigs other investigators (Banziget al.,
1997; Betraret al., 2003; Zaidiet al., 2004; Derera, 2005; Gissa, 2008; Pswarayi aneR/i
2008). A significant correlation (r=-0.39) of angire silking interval with grain yield for
hybrids across all environments was found (data shmwn) and this is consistent with
findings of Betraret al. (2003), Zaidiet al. (2004) and Derera (2005) of -0.33 to -0.45 under
moisture stress conditions. These results sugbastyield under stress can be improved by
selecting for early silk emergence. The correlatoefficients reported in this study under
stress conditions for anthesis days were -0.20.@2-and for anthesis silking interval was -
0.39 to -0.54. Again these values are in agreeméhtfindings of Zaidiet al. (2004) of -
0.22 to -0.56. Banzigeet al. (1997) reported a correlation of -0.47 for antheslking
interval with grain yield under low N, yet in thisudy a correlation of -0.54 was reported.
However, Gissa (2008) reported a highly significa@gative correlation between grain yield
and anthesis silking interval of -0.60. A highlgmsificant and positive correlation of ears per
plant and grain yield reported in this study is sistent with findings by Banzigest al.
(1997) and Gissa (2008). These results show tham@ease in ears per plant results in a
corresponding increase in grain yield under optimwrought and low N conditions.
Anthesis-silking interval and ears per plant aresidered important secondary traits used in
selection of drought tolerant materials (Bolanod &umeades, 1996; Vasal al., 1997,
Banziger and Lafitte, 1997; Edmeadasal., 1997; Banzigeet al., 2000, Mhikeet al.,
2011Db).
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A number of investigators have reported variabilitghe performance of maize under low N
conditions (Banzigeet al., 1997; 2000; Betramt al., 2003; Gissa, 2008; Mhiket al.,
2011a). The yield performance of hybrids in thigdgt was 15% of the grain yield under
optimum conditions, however this was lower than wBenzigeret al. (1997) recommended.
They reported that grain yield under low N streBsusd be between 25 and 35% of the
average yield under optimum conditions. Beteaal. (2003) reported values as high as 65%.
However some scientists indicated that varied madas of grain loss can be expected
under low N conditions (Banziget al., 1999; Smallberger and Toit, 2004; Monnevetix
al., 2005). Low yields under low N reported in thedst might have been due to mid-season
dry spells that were experienced at the site.

GCA effects are associated with additive gene aatibile SCA effects are associated with
non-additive gene action. Significant GCA and SOfeas for traits such as grain yield,
anthesis days, anthesis silking interval, plantghigi senescence and GLS across all
environments suggest the importance of both addiéind non-additive gene action in the
inheritance of these traits. Gissa (2008) repodiedilar findings. GCA effects, however,
were more important than SCA effects. Beteghral. (2003) reported that additive genetic
effects across environments accounted for 61% taf enetic variation in grain yield and
they assumed importance over non-additive varianB€A variances that are higher than
SCA variances indicate that additive genetic effene more important (Gethi and Smith,
2004). This has an implication in breeding in thabd parents can be identified using the
GCA effects and then crossed to produce high yigldiybrids. Early testing of inbred lines
becomes more effective and good hybrids can beifeehin the early stages of breeding
using GCA effects (Melchingeat al., 1998). A high contribution of SCA to grain \del
anthesis silking interval and ears per plant urstigss environments in this study suggested
that non-additive gene action assumed a crucial irothe expression of these traits under
these conditions. These findings are contrary &fihdings by Gissa (2008), where GCA
assumed a more important role in most of the traitder low N conditions. Expression of
grain yield, anthesis silking interval and ears p&nt under stress environments being
controlled by non-additive genes in this study hasimplication in breeding in that good

parents cannot be identified using these traittead good specific combiners are the ones
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that can be selected for. Losegal. (2004) found both GCA and SCA effects to be sigant
for grain yield but SCA effects were more importtrdan GCA effects. The inbred lines used
in this study can therefore be exploited for grgield under drought conditions through
targeting the SCA effects. In this study anthedlang interval was mainly controlled by
non-additive gene effects.

GCA,, and GCA contributed differently to the expression of diffat traits in this study.
Dereraet al. (2008) reported different contributions of GgaAnd GCA for grain yield under
drought conditions (44 versus 32%) and similar ©bations under non-drought
environments (29 vs 31%). Results in this studycargrary to these findings. In this study
GCAs and GCAy, for grain yield contributed similarly (22%) unddrought conditions,
indicating that both parents made similar contidng to grain yield in hybrids under
drought. However, under non-drought environmentAG@minated GCA (53 vs 28%).
GCA,, contributed more to anthesis days under optimumyght and low N conditions,
indicating that inbred lines can be used in satgctor earliness or lateness in the maturity of
hybrids.

In this study GCA mean squares for grain yield across all envirorimjeander low N
conditions and under optimum conditions were highan GCA, mean squares, suggesting
the importance of maternal effects in the expressibgrain yield under these conditions.
The expression of grain yield under drought condgiwas also affected by maternal effects.
Similar results were reported by Deresaal. (2008). The maternal effects were also
important in the expression of anthesis silkinginal under low N and optimum conditions
and the paternal effects assumed an importantimdiee expression of ear height across all
trials. Senescence, an important secondary traieémustress conditions, was also influenced
by maternal effects. Prolificacy (ears per planyer drought and low N conditions was
influenced by maternal effects. Khehra and Bhal®76) studied reciprocal dissimilarities
under optimum environments and reported that cggpic effects were not significant for
grain yield, which is consistent with the observa$ in the current study. Largely maternal
effects, if unrestrained, would inflate GCA varianor yield and secondary traits; and as a

result heritability is overvalued which might deceibreeders in implementing a wrong
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selection strategy (Dereeh al., 2008). GLS and leaf blight turcicum diseaseg@inomic
importance, especially under optimum conditionsyrevefluenced by maternal effects,
whilst rust and ear rots were influenced by pategffacts.

GCAs x E, GCA, x E and SCA x E were significant for most traisacross site analysis in
this study and results were consistent with thelifigs by other scientists (Dereetal.,
2008; Gissa, 2008; Machida, 2008; Mh#teal., 2011a). It appears that G x E effects would
present challenges in the breeding of materialgifferent environments. Significant G x E
interactions highlights the need to use severairenments in the estimation of genetic
effects. Crossover type of G x E was observed e durrent study. Genetic component
estimates based on data from single environments fgand to be unreliable. Results show
that GCA effects associated with the parents and 8ffects associated with crosses were
not consistent over environments. Banzigeal. (2000) reported that stress environments

produce high G x E interactions.

The lines and testers exhibited different GCA d@fdor different traits in this study. Line 3
(RS61P) showed consistency in its performance éxigbgood GCA effects for grain yield
across environments (0.72), optimum conditions4)).@rought conditions (0.37) and under
low N conditions (0.58). This line is therefore @od general combiner for grain yield across
all environments and this was further confirmedfduyr of its hybrids that appeared among
the 10 best performing hybrids across all enviromseThis line was also a good general
combiner for other traits such as anthesis dayhears silking interval, plant height, root
and stalk lodging and senescence. A combinatianreggative GCA effect for anthesis days
and anthesis silking interval would be good in¢haey maturing maize breeding programme.
On the other hand testers 9 (CML444) and 11 (CMD548re consistent in their GCA
effects, again proving to be good general combif@rsgrain yield and other agronomic
traits. The other lines and testers that showedd gawd consistent GCA effects were
NAW5885, CML539, CML537 and CML442.

The presence of significant SCA is a consequendkictiations in dominance relationships

among parents (Wassinat al., 1986). Line 3 (RS61P) was a good specific comtbams
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indicated by significant positive SCA effects foram yield in different environments.
Hybrids RS61P/ CML444 and 2N3d/CML548 were among best performing hybrids
across all environments, optimum conditions and dZ881L548 was the overall best
performer under drought conditions with a meandyil3.26 t hd. However RS61P did not
combine well with other testers. Results from poesi studies as well as the current study
indicate that a parent having a good GCA effectsdoet automatically produce better
hybrids all the time (Tyagi and Lal, 2005). A parevith poor GCA might produce better
hybrids (Tyagi and Lal, 2005) and this agrees witme of the findings in this study where
poor general combiners produced good hybrids withtesters. For example SC5522 had
poor GCA for grain yield but it produced hybridstivgood SCA with CML395 (0.77) and
CML536 (0.75). The results suggest that SC5522lalyspl a dominance effect whereby it
contributed non-additive genes towards expressigmain yield. Thus the role of dominance
in conferring heterosis was displayed by the resdihis has an implication in breeding in
that lines should be selected based on both GCAS&®AI effects. If GCA is insignificant it
is advisable to select lines based only on SCAr@d\aral., 2003).

Variance components and heritability estimates heen extensively used by plant breeders
in selection of promising genotypes and predicbbdesirable traits (Morakinyo, 1996). The
relatively high heritability estimates in this syudre an indication that the studied traits are
mainly controlled by additive genes. Hallauer andradda (1981) reported heritability
estimates that were lower in magnitude than the émend in the current study. Mhileeal.
(2011a) reported heritability estimates that wevseva 50% for anthesis days, ear height,
anthesis silking interval and ear position andrédst were below 50%. A heritability estimate
of 68% for grain yield was reported in this studyldhis was higher than values reported by
Bolanos and Edmeades (1996) (60% under optimakaftl under drought conditions) and
Mhike et al. (2011a) (21%). However, the magnitudes of hieititg estimates are products
of the population being tested, environments withimch the testing is done and traits being
measured (Falconer and Mackay, 1996). To this bektore the differences in magnitudes
observed here is a manifestation of the differenceshese three determinants of the

heritability estimates. It should, therefore, belenstood that heritability values reported for
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a given trait, are specific to a particular popolatunder particular conditions (Hallauer and
Miranda, 1981).

3.5 Conclusions

Abiotic stress factors such as drought and low Md, @among the critical factors affecting
maize production in Zimbabwe. Results from thiggttevealed that there is a high level of
genetic variability and there is a possibility @lecting good hybrids for grain yield and
other agronomic traits under both drought and lowadXditions. The NCDII was effective
and ideal in the identification of lines with go@&ICA effects and potential single cross
testers. The lines identified as good potentiaéptl lines in the stress breeding programme
include RS61P, NAW5885, CML444, CML539, CML442, Cb87 and CML548. On the
other hand the single crosses RS61P/CML444 (SCRaI3t/CML548 (N) were identified
as the highest potential single cross testers, Wemwtirther studies have to be done to
confirm validity of these testers. However RS61Hqyened best under all conditions. GCA
and SCA effects were significant for most traitsoas environments and this showed the
significance of both additive and non-additive gemrethe expression of these traits. GCA
variances were, however, larger than SCA variaf@eshe majority of traits, resulting in
high heritability estimates. The parental materieded in this study can therefore be used in
selecting good parents for future use in the dgaremt of stress tolerant genotypes as most
traits are controlled by additive genes. Howevehjgher SCA contribution to grain yield
under drought and ears per plant (prolificacy) amdhesis silking interval under both
drought and low N is an indication that non-additigene action was important in the
expression of these traits. Under drought condstigpecific hybrids with high mean yields
and high prolificacy can be selected. Maternala#f@vere important in modification of grain

yield and other traits in all the environments.
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CHAPTER 4

Genotype by environment interaction and stability aalysis for grain yield

of single cross hybrids

Abstract

Maize is the most important cereal crop in Zimbalamd is grown by both large and small
scale farmers who are located in different agrdeggoal zones of the country. The
development and dissemination of adapted and higldiyg maize varieties to these agro-
ecological zones involves conducting multi enviremn trials (METS). This study was
conducted with the objective of assessing genobypenvironment (G x E) interaction and
stability of single cross hybrids grown in streesl aon-stress environments. Yield data of 80
maize single cross hybrids tested across sevenoamvents during the 2009/10 and 2010/11
seasons were analysed using AMMI and GGE biplohous. However, the analysis was
later narrowed to 20 hybrids for better graphidalbalisation and better conclusions. In the
combined ANOVA the environment (E) explained 85%¢tbé total (G + E + G x E)
variation, whereas genotype (G) and G x E intevactcaptured 7.0% and 13.1%,
respectively. The largest proportion of the totatiation was explained by environmental
effects as a result of inclusion of environmentgshwiarying stress conditions. Higher
yielding and adapted genotypes were determinedQiy $¢ores >0, whilst non-adapted and
lower yielding genotypes were determined by PCY¥esca0. PC2 scores of approximately
zero identified stable genotypes, whilst larger BC@res detected unstable genotypes. Good
hybrids had high PC1 scores (high yield) and smaiadlolute PC2 scores (high stability). On
the other hand the environmental PC1 scores wéatedeto non-crossover G x E interaction,
whilst PC2 scores were related to the crossoves. tfpe two methods detected similar high
yielding and stable genotypes. The higher vyieldegd stable genotypes were G52
(CML548/2N3d-B) and G57 (CML444-BB/RS61P-B). Agritural Research Trust farm was
the most powerful site in discriminating genotyp@sl the most representative environment.
Results showed that there were three mega envinosmagthin the test environments, which

can be utilised for multi-environment yield trials.
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4.1 Introduction

The most important cereal crop in Africa is maized an Zimbabwe, maize production
accounts for 80% of the total cereal productionisIgrown by both large and small scale
farmers for both food and feed in different agrotegical zones. Newly improved hybrid
maize cultivar candidates from different breedimggnpammes must be evaluated at many
sites and for a number of years before being recemded to be grown in given locations.
Evaluation of genotypic performance of hybrid maizaltivar candidates in many
environments generates valuable data to ascertain dtable and adapted genotypes are
(Crossa, 1990). The multi-location evaluation, hesve result in G x E interactions that
often complicate the interpretation of results ot#d and reduce efficiency in selecting the
best genotypes (Annicchiarico and Perenzin, 19bdg. existence of G x E interaction may
mean that a superior variety in one location is netessarily the best in another
environment. Kangt al. (1991) indicated that selection based on yielg amay not always
be adequate when G x E is significant. The analyfs@@ x E interaction, thus, turns out to be
a significant strategy used by breeders for assgssrieties for adaptation and also for

selecting parents for base populations (Asnal., 2007).

Plant breeders usually look for non-crossover G jorErather the absence of G x E
interaction when selecting genotypes for generaptation and crossover G x E interaction
for specific adaptation (Matus-Cadet al., 2003). ANOVA only defines if G x E is
significant or not, but it does not provide infortna as to which varieties or locations
contribute to the interaction (Samong&t al., 2005). Various approaches have been
established to reveal forms of G x E interactiod #rese include joint regression developed
by Finlay and Wilkinson (1963), Eberhart and Rug4866) and Perkins and Jinks (1968),
AMMI developed by Gauch (1992) and GGE developgénet al. (2000).

It is usually challenging to define how genotypespond, without graphically presenting the
data, when many varieties are evaluated across foaatyons, seasons and years (¢aal.,
2001). There are two types of biplots that havenbeeensively used to visualise G x E
interactions and these are the AMMI and GGE bip(@such, 1988; Gauch and Zobel,
1997; Yanet al., 2000; Maet al., 2004). Yan and Kang (2003) postulated that a G{pbHt
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is an effective tool for mega environment analysmhich-won-where”). GGE biplots have
also been found to be effective in depicting gepetsnean performance and stability and the
ability of environments to distinguish genotypestanget locations. In the AMMI model,
ANOVA for varieties and environment main effectscembined with PCA of the G x E
interactions (Gauch and Zobel, 1996). Dissimilastamong the two approaches are that
GGE biplot analysis is founded on location centP€giA, whilst AMMI analysis is denoted
as double centred PCA. However it is not alwaysyda visualise “which-won-where” in
the AMMI graph, particularly when a number of véies and locations are involved (Ebdon
and Gauch, 2002) and at times it could be decepYiaaet al., 2007).

Hence the AMMI graph is regarded as a better toopfesenting conclusions rather than as
a tool for determining “which-won-where”. In thitugly 80 genotypes were evaluated across
seven environments in the 2009/10 and 2010/11 ssasaiven the number of genotypes
used and number of environments there should beerbat presentation of the G x E
interaction if both GGE and AMMI biplots are usatiahis should assist in reaching better
conclusions. The objectives of this study weredfwee to i) analyse G x E interaction and
stability of single cross hybrids generated usiniyI@YT elite drought tolerant lines and
DR&SS elite drought susceptible lines for grain Igjieacross stress and non-stress
environments and ii) to observe the pattern of gmogi of environments based on grain yield
responses of hybrids.

4.2 Materials and methods

4.2.1 Germplasm

Seventy two experimental single cross hybrids agtitecheck single cross hybrids were
evaluated in a total of 14 environments in the 2009and 2010/11 seasons. The
experimental hybrids constituted of cross progehyl® DR&SS and 13 CIMMYT elite
inbred lines and their single cross hybrids. Dstail the germplasm used in the study are
given in section 3.2.1. A total of 72 single crdg®rids out of a possible 130 hybrids were
used in the study because they were the successéd and had enough seed for multi-

location trials.
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4.2.2 Sites

The site details are given in the materials andhods section of Chapter 3 (section 3.2.2).

Details of annual average rainfall and soil typ¢hefse sites are shown in Table 4.1.

Table 4.1 Site annual average rainfall and soil typ

Environment Annual Latitude, longitude
Site Management average Soil type and altitude
code .
rainfall (mm)
) Rhodustalf greater group with 17°26'S, 31.5°E,
ART Farm EL Optimum 891 texture code IC! 1480 mas
Rhodustalf greater group with 17.13°S, 31°E, 1 406
Harare E2 Low N 820 texture code ICG masl
. Haplustox code FRr14 and texture 18.32°S, 30.90°E,
Kadoma E3 Optimum 727 code DCE 1 155 masl
Chiredzi winter E4 Managed drought 450 Haplustalf code LXh7 and texture 21.02°S, 31.58°E,
code ICF 433 mas
Rattray Arnold E5 Optimum 820 Clay loam 17°40°S, 1 308 masl
. . Haplustalf code LXh7 and texture 21.02°S, 31.58°E,
Chiredzi E6 Random drought 450 code ICH 433 masl
Chisumbanje E7 Random drought 420 Deep vertisols

20°S, 33°E, 455 masl

ART=Agricultural Research Trust; Low N= low nitroge n.

4.2.3 Experimental design and data collected

Trials were planted in one row plots with 0.75 nterrrow spacing and 0.25 m in-row
spacing using a 0.1 alpha lattice design. Graindyand other agronomic data such as
anthesis days, anthesis silking interval, planghteiear height, root lodging, stem lodging,
ears per plant and senescence were collected dtliggrowth period of the crop as
described in Table 3.2. Scores for diseases ofamnimportance in maize in Zimbabwe

were also taken and these include MSV, GESohilium turcicum andPuccinia sorghi.

4.2.4 Statistical analysis

The data was first subjected to ANOVA in order &teaimine the effects of G x E interaction

for grain yield. ANOVA performed on plot basis apdoled over locations and seasons
using AGROBASE version Il (2005). Broad sense hébiitty estimates were calculated for

the two seasons as described in section 3.2.5.
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The AMMI statistical model in GenStat 4dition (2011) was used to analyse the yield
data.

The following AMMI model was used:

Yger=p +ag + e+ 32 An Ygn Oen+ pget Eger

Where:

Yger = Yield of genotypey in environment for replicater
n = Grand mean

Og = Genotype mean deviations (genotype means miraumgignean)
Be = Environment mean deviation

n = Number of PCA axes retained in the model

An = Singular value for PCA axis n

Ygn = Genotype eigenvector values for PCA axis n
den = Environment eigenvector values for PCA axis n
Pge = Residuals

Eger = Error term

GGE biplot analysis was conducted using the “GGpolii software (Yan and Tinker,
2005). The model for a GGE biplot (Yan, 2002) baseadSVD of the first two principal
components was used:

Yi—p—=0  =M&mps + &ij

Where Y; = the measured mean (DBH) of genotype environment

M = grand mean

Bj = main effect of environment

n+ B = the mean yield across all genotypes in enviemt|

A1 andi, = singular values (SV) for the first and secondgpal component (PC1 and

PC2) respectively

giand &, = eigenvectors of genotype | for PC1 and PC2aetsgely
nj1 andn;z = eigenvectors of environmeptor PCland PC2 respectively
&ij = residual associated with genotygda environment.
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Spearman’s rank correlation (r) amongst environsevas calculated from means across
environments and statistical calculations were eteztwith SPSS 15.0 version for Windows
(2006). Hierarchical cluster analysis of environtsenas done in NTSYSpc 2.21n software

(Ronhlf, 1993) using trait means.

4.3 Results

4.3.1 Analysis of variance within years and acrosgars

Results for ANOVA for within years and across years presented in Tables 4.2 and 4.3. In
both the 2009/10 and 2010/11 seasons the envirdsmgenotypes and G x E were highly
significant (0.001). The broad sense heritability values fotdyfer the years were 65%
(2009/10) and 46% (2010/11) and the r values we@ &nd 0.83 respectively.

Table 4.2 Analysis of variance for grain yield acres environments in the 2009/10 and
2010/11 seasons

2009/10 2010/11
Source DF MS MS
Environment 6 1172.27*** 216.54***
Genotyp: 79 8.74%+ 1.79%*
GXxE 474 3.03*** 0.97*
Residue 552 1.6¢€ 0.7¢
LSD 0.96 0.65
CcVv 28.2 34.2
R? 0.9C 0.8¢
Herit. 0.65 0.46

***p <0.001; **P<0.01; G x E=genotype by environment interaction; L®=Least significant difference; CV=coefficient of wariation;
Herit=heritability; R 2=coefficient of determination; DF=degrees of freedn; MS=mean square.

The combined ANOVA indicated that maize grain ysehldere significantly affected by
environment, which explained 85% of the total (& +G x E) variation, whilst genotype
and G x E explained 7.0% and 13.1% of variatiopeesvely (Table 4.3). The mean squares

for years, ExY, G x Y and G x E x Y were all higkignificant.
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Table 4.3 Combined analysis of variance for graityield of 80 genotypes across seven

environments

Source DF SS MS
Enviroments 6 6073.676 1012.27%*=
Genotype 79 535.531 6.779***
Year 1 2237.381 2237.38***
GxE 474 1000.657 2.11%*=
ExY 6 2259.16° 376.53**
GxY 79 295.79: 3.74%*
GXEXxY 474 893.20! 1.88***
Residue 1114 1346.40: 1.21
Total 2239 14893.493

CcVv 30.7¢

R? 0.91

***pP <0.001; G x E=genotype by environment interaction; Ex Y=environment by year interaction; G x Y=genotyp by year
interaction; G x E x Y=genotype by environment by gar interaction; CV=coefficient of variation; R*=coefficient of determination;
DF=degrees of freedom; SS=sums of squares; MS=mesguares.

4.3.2 Additive main effect and multiplicative inteiaction analysis

The partitioning of G x E through AMMI analysis sted that PC1 and PC2 were significant
(P<0.001) (Table 4.4), explaining 48.27% and 27.82%eftotal variation and together they
explained 76.1% of G x E interaction (Table 4.5heTmean yields of genotypes in all
environments are presented in Appendix 8. The Isighgelding genotypes for each
environment were as follows: G74 in Agriculturaldearch Trust farm, Harare low N and
Rattray Arnold Research Station, G61 in Kadoma, ®52hiredzi winter, G57 in Chiredzi
summer and G53 in Chisumbanje. In the AMMI biglehotypes were clustered around the
zero point except for a few genotypes that weragndis(Figure 4.1). G74 proved that it was
high yielding but did not show good stability, watilG59, G10 and G63 were high yielding
and more stable. Genotypes G29, G17, G73 and Gi2law yielding and more stable. G74

was mostly associated with high yielding environteen

Genotype means were plotted against the IPCA semress all environments and G74 was
the highest yielder but very unstable, whilst GABA &61 were high yielding and more stable
(Figure 4.2). G57 was also high yielding and re&dy stable. G68, G4, G52, G5 and G63
were high yielding but very unstable. G73 was laelding but very stable. Environments
Agricultural Research Trust farm (optimum), Chisamje (random drought), Rattray Arnold

Research Station (optimum) and Kadoma (optimum) ewdigher vyielding; whilst
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environments Harare low N, Chiredzi winter (managkdught) and Chiredzi (random
drought) were lower yielding (Figure 4.3).

4.3.3 Genotype and genotype by environment interaon biplot for all 80 genotypes
Positioning of genotypes on the GGE biplot are gmé=d in Figure 4.4. The GGE biplot for
all 80 genotypes explained 61.7% of the genotype raffect and the G x E interaction
(Figure 4.4). Primary (PC1) and secondary (PC2yescavere significant and explained
47.5% and 14.2% of the genotype main effect andEGnteraction respectively. A moderate
percentage variability of GGE (61.7%) was explaibgdthe biplot and this suggests some
strong and complex G x E interaction in the METad&enotypes G61, G52, G4, G57 and
G74 were mostly associated with Kadoma and HaoaveN.

Table 4.4 Analysis of variance for additive main décts and multiplicative interaction

model for grain yield across seven environments fathe 2009/10 and 2010/11

seasons
Source DF MS
Environments 13 912.61***
Genotypt 79 13.80***
GxE 891 2.44%xx
IPCA1 91 9.59%**
IPCA2 89 5.65%**
IPCA3 87 2.99%x*
IPCA4 85 2.02%*
IPCA errol 53¢ 0.6¢
Residue 972 1.1¢

***P <0.001; **P<0.01; IPCA=interaction principal components axes; G« E=genotype by environment interaction; DF=degre® of
freedom; MS=mean squares.
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Table 4.5 Additive main effects and multiplicativeinteraction analysis of yield data of
80 maize genotypes tested across seven environmeitsthe 2009/10 and
2010/11 seasons

IPCA Axis Eigenvalue % G x E explainec Cumulative %
1 436.18! 48.27 48.27
2 251.41: 27.8: 76.1
3 130.352 14.43 90.52
4 85.652 9.48 100

IPCA=interaction principal component axes; G x E=geotype by environment interaction.

G38, G59 and G27 were associated with Chiredzilsiv@i67 and G60 were associated with
Chisumbanje and Chiredzi winter. G74 was onceratja@ highest yielding genotype. G48

was more closely associated with environments &at#rnold Research Station and

Agricultural Research Trust farm. Graphical preagan of stability of genotypes using

GGE biplot analysis is presented in Figure 4.5.dgres G5, G26, G62, G6, G57, G74 and
G45 were high yielding as well as stable sincerthbsolute PC2 scores were near zero,
whereas genotypes G67, G60, G51, G7 and G68 wgheyielding and unstable as they had
larger absolute PC2 scores (Figure 4.5). G74 wasitphest yielding genotype (large PC1
score) but unstable in different environments @aR{2 score) (Figure 4.5). G17 and G37
were the poorest performing genotypes (low PClesjprwhereas G73 and G21 were
amongst the poorest performing genotypes but viatyles (near zero PC2 score). G61 and
G52 were very stable and their average yields Wanger than all other genotypes except

G74. G74 is a commercial long season hybrid whiak imcluded in the trials as a control.
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Figure 4.1 Additive main effects and multiplicative interaction biplot for genotype

N

grain yield in seven environments for two season®mbined.

Genotypes are labelled with a G followed by a numiseenvironments are labelled with an E followed bya number.
E1=Agricultural Research Trust farm; E2=Harare low nitrogen; E3=Kadoma; E4=Chiredzi winter; E5=Rattray Arnold Research

Station; E6=Chiredzi summer; E7=Chisumbanje.
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Figure 4.2 Additive main effect and multiplicative interaction biplot for genotype

grain yield across environments across two seasons.

110



2.0 _]
. E3
1.5 _|
1.0 _|
5
8 o5 _| Ea 3
0
—
<
g oo _| E=2 =°
| ES5
-0.5 _|
-1.0 E1
E7
T T T T T T
2 3 a4 5 6 7
Environment means
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Figure 4.4  Genotype and genotype by environment t@raction biplot analysis of

yield across seven environments and two seasons.

CH WINTER=Chiredzi winter; CH=Chiredzi summer; CS=C hisumbanje; HRE Low N=Harare low nitrogen; RARS=Rattray
Arnold Research Station; ART=Agricultural ResearchTrust farm.
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Figure 4.5 Yield stability and performance of gentypes for seven environments and
two seasons.

CH WINTER=Chiredzi winter; CH=Chiredzi Summer; CS=C hisumbanje; HRE Low N=Harare low nitrogen; RARS=Rattray
Arnold Research Station; ART=Agricultural ResearchTrust farm.

Graphical presentation of “which-won-where” was dus® assess which genotypes
performed well in which environments. The polygoew of a GGE biplot clearly displayed
the “which-won-where” pattern; henceforth it islaax summary of the G x E pattern of a
multi-environment yield trial (MEYT) data set. Thmlygon was formed from genotype
markers G74, G68, G69, G37, G29, G55 and G60 (EiguB). Nine perpendicular lines
were drawn starting from the origin and extendegohd the polygon such that the biplot
was divided into nine sectors and environmentsifgd two of them. Five environments
namely Rattray Arnold, Agricultural Research Trdgtm, Kadoma, Harare low N and
Chisumbanije fell into sector 1 delineated by ragnd 2 and the vertex genotypes were G60,

G74 and G68. Two environments Chiredzi summer dmce@zi winter fell into sector 9.
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Figure 4.6 Polygon view of the genotype and gengy by environment interaction

biplot based on symmetrical scaling for the “whichwon-where” pattern for

genotypes and environments.

CH WINTER=chiredzi winter; CH=chiredzi summer; CS=C hisumbanje; HRE Low N=Harare low nitrogen; Rattray Arnold
Research Statiol; ART=Agricultural Research Trust farm.

A GGE biplot was drawn to show which environmerdcdiminated genotypes better than

the other environments. Environments PC1 had ookjtipe scores, whilst PC2 had both

positive and negative scores (Figure 4.7). Enviremisi Rattray Arnold Research Station,

Agricultural Research Trust farm and Harare Lowad high PC1 scores and near zero PC2
scores. Chiredzi summer, Chiredzi winter and Chisame also had high PC2 scores. PC1
scores correlated with environment yield score$.669; K0.05). Correlation coefficients

among test environments are presented in Table All6environments were positively

correlated because all angles among them were eamidan 90°. Harare low N and

Agricultural Research Trust farm had the largeghly significant positive correlation

(r=0.929) while the lowest correlation was betw&dnsumbanje and Chiredzi summer.
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Figure 4.7 Genotype and genotype by environment t@raction biplot based on

environment-focused scaling for environments.

CH WINTER=Chiredzi winter; CH=Chiredzi summer; CS=C hisumbanje; HRE Low N=Harare low nitrogen; RARS=Rattray
Arnold Research Station; ART=Agricultural ResearchTrust farm.

Table 4.6 Correlation coefficients among test envanments

ART HRE Low N Kadoma CH winter RARS CH

HRE Low N 0.929**

Kadoma 0.463** 0.626**

CH winter 0.291** 0.163** 0.183**

RARS 0.230** 0.460** 0.775** 0.127**

CH 0.455 0.082 0.569** 0.279* 0.137

CS 0.178 0.272 0.380 0.049 0.261 0.89**

**P <0.001; *P<0.05; CH WINTER=Chiredzi winter; CH=Chiredzi summer ; CS=Chisumbanje; HRE Low N=Harare low nitrogen;
RARS=Rattray Arnold Research Station; ART=Agricultural Research Trust farm.

Rattray Arnold Research Station and Agriculturab&schTrust farm were also highly and
significantly correlated (r=0.230).
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A hierarchical cluster analysis was also done forirenments (Figure 4.8). Harare low N

was closely related to Chiredzi winter and the tsites comprised of managed stress.
Chiredzi summer and Chisumbanje clustered togetheéithese environments share a similar
geographical location. Chiredzi summer and Chisungalso have similar rainfall patterns

and were both used as random drought sites. RaAmagid Research Station and Kadoma
clustered together and they have similar rainfattgyns. Agricultural Research Trust farm

did not cluster with any environment and is usuahgracterised by high rainfall figures that

can sometimes be above 1 000 mm.

4.3.4 Genotype and genotype by environment interion biplot analysis for 20 best
performing hybrids
An across site analysis was done using Fieldbodkvare (Banziger and Vivek, 2007)
embedded in an Excel spread sheet and the 20 édstrping hybrids were selected. The
yield performance data of these hybrids acrossmsemgironments is presented in Table 4.7.
The bold and underlined mean vyields are for thodmitts that were the best performers in
each environment. The variability of the best peniag hybrid from one environment to the
other shows the existence of possible crossover Einteraction. G74 (SC727) and G79
(CML395/CML444) were the check varieties and wareagst the best performing hybrids.
G74 was the overall best performing hybrid as wadl being the best performer in
environments Agricultural Research Trust farm, Halaw N and Rattray Arnold Research
Station. G61 was the best performing hybrid in Kadoand G52 was the best performing
genotype in Chiredzi winter. The genotype G57 weshkest performer in Chiredzi summer
and G63 in Chisumbanje. A GGE biplot based on ggresfocused scaling was shown in
order to perceive the positioning of the genotyffégure 4.9). Genotypes with PC1 scores
>0 were identified as higher yielding and adaptad those that had PC1 scores <0 were
identified as lower yielding. Genotypes G74, G68 &v8 were the highest yielding with
PC1 scores greater than zero, whilst G60, G61 &@&Ivw&re lower yielding with PC1 scores
less than zero. G7 and G79 were high yielding aaoles with PC2 scores closer to zero. G39
was low yielding but very stable with a PC2 scdreayo. Yield stability and performance of
the 20 best performing hybrids is presented in l€gul0.
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Figure 4.8 Hierarchical cluster analysis of the sen environments.

ART=Agricultural Research Trust farm; HRE low N=Har are low nitrogen; CH winter=Chiredzi winter; RARS=Rattray Arnold Research Station; CH=Chiredzi summer;
CS= Chisumbanje.
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Table 4.7 Mean grain yield (t h&) for 20 genotypes across seven environments in two

seasons
E1l E2 E3 E4 E5S E6 E7 Mean

Genotype t ha
G74 10.43 4.08 5.29 2.50 6.16 2.50 4.85 5.12
G61 8.34 2.31 6.68 2.79 3.65 3.65 5.76 4.74
G57 8.20 2.44 6.42 1.78 4.29 4.26 5.19 4.66
G54 7.72 1.54 4.26 2.33 4.90 3.63 6.12 4.36
G48 8.36 1.63 4.60 1.99 5.39 3.23 4.61 4.26
G63 6.88 1.30 5.40 2.62 3.23 4.08 6.51 4.29
G52 8.91 2.35 5.04 3.26 4.04 3.06 3.26 4.27
G79 8.39 1.28 551 2.49 451 3.82 3.56 4.22
G45 7.52 1.97 6.03 1.92 4.21 3.00 4.59 4.18
G68 9.99 1.70 4.82 1.40 4.22 3.77 3.72 4.23
G10 7.49 1.37 5.00 241 4.69 3.31 4.70 4.14
G72 7.46 1.50 5.66 2.31 4.18 3.93 4.16 4.17
G34 7.08 1.68 5.98 2.64 3.60 3.65 4.30 4.13
G38 6.99 1.88 5.82 3.01 3.98 4.16 3.89 4.25
G6( 6.6¢ 2.8: 6.37 2.51 4.1¢ 3.91 4.31 4.4C
G7 7.82 1.6€ 5.2¢ 1.71 5.2¢ 2.7% 3.31 3.9¢
G5¢ 7.22 1.9¢€ 5.51 2.4% 3.8¢ 3.9¢ 5.02 4.2¢
G5¢ 6.7¢ 2.0¢ 5.0C 2.84 3.8¢ 3.3t 5.1¢ 4.1¢
G70 8.02 1.03 4.62 2.38 4.05 3.80 4.90 4.11
G8 7.25 2.01 5.60 1.71 4.51 3.15 431 4.08
Mean (t ha’l) 6.8 1.62 4.5C 2.0¢ 3.9¢ 3.17 3.9z

E1=Agricultural Research Trust farm; E2=Harare low nitrogen; E3=Kadoma; E4=Chiredzi winter; E5=Rattray Arnold Research
Station; E6=Chiredzi summer; E7=Chisumbanje; Underined and bold=highest yielder in the given environrent.

G74 was again the highest yielding (biggest PClregcdut unstable in different
environments (large PC2 score). G74 was the highelsling since it was the best performer
in many testing environments with high mean vyie{@able 4.7). G63 was the poorest
performing genotype (low PC1 score) with low yieldsdifferent environments but highly
stable (near zero PC2 score). G52 and G57 weradksovely high yielding and very stable
with PC2 scores close to zero. G79 and G7 wereralatively stable, whilst G68, G48, G60
and G61 were unstable in different environments3 &&d G74 were associated with Rattray
Arnold Research Station and Agricultural ResearahsiTfarm, whilst G60 and G61 were

associated with Chiredzi winter. Chiredzi summes wassociated with G70 and G54.

Agricultural Research Trust farm had the longestarefollowed by Harare low N, Kadoma

and Rattray Arnold Research Station, whilst Chisan had the shortest vector (Figure
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4.11). Environments Harare low N, Agricultural Raxsd Trust farm, Rattray Arnold
Research Station and Chiredzi summer had positvg &cores, whilst Chiredzi winter,
Kadoma and Chisumbanje had negative PC1 scoresh&¥#he longest vector, whilst G45
and G22 had the shortest vectors (Figures 4.114&1®). The acute angles between G60,
G61, G57, G52 and G74 indicate that those genotypdermed similarly across environme

nts.

Genotypes G61, G60, G57 and G52 had angles less9®a between their vectors and
environment vectors for Chiredzi winter, Kadoma &fatare low N. G79, G7, G68 and G48
had acute angles between them and environmentsdZhsummer, Rattray Arnold Research
Station and Agricultural Research Trust farm. Giid &52 were located nearer to the biplot
origin. The angle between G70 and G74 was more 934n The environments Harare low
N, Kadoma and Chiredzi winter had less than 90temnigetween them. The angle between
Harare low N and Chiredzi summer was more thana80kell as between Chiredzi summer

and Chiredzi winter.

PC1 = 36.6%, PC2 = 158%, Sum = 54.6%
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Figure 4.9 Genotype and genotype by environment t@raction biplot based on

genotype-focused scaling for the top 20 yielding getypes.

PC=principal component; G=genotype; CS=ChisumbanjeCH=Chiredzi summer; CH WINTER=Chiredzi winter; RAR S=Rattray
Arnold Research Station; ART=Agricultural ResearchTrust farm; HRE Low N=Harare low nitrogen.
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A six-sided polygon was formed from genotype make68, G74, G61, G60, G63 and G70
(Figure 4.13). The polygon is produced by linkingrkers of varieties that are the furthest
away from the biplot origin such that all other ggmes are contained within the polygon.
Six perpendicular lines, starting from the origieres drawn extending beyond the polygon
such that the biplot was divided into six sect@t.six sectors had locations within them.

Three environments Agricultural Research Trust faRattray Arnold Research Station and
Harare low N fell within sector 1 outlined by ra¥sand 2 and the vertex genotypes for this
sector were G74 and G68. Sector 1 therefore formegda-environment 1. Sector 2 and 3
comprising of environments Kadoma and Chiredzi irformed mega-environment 2 and
the vertex genotypes were G60 and G61. ChisumizartjeChiredzi summer formed the third

mega-environment in sectors 4 and 5 and the vegdartypes were G63 and G70.

1 2 _|PC1 =366%, PC2 = 16%, Sum = 54 6%
an=form = 0, Scaling = 1, Centering = 2, SYWF =1
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Figure 4.10 Grain yield stability and performanceof the 20 top yielding genotypes in

seven environments across two seasons.

PC=principal component, G=genotype, CS=ChisumbanjeZH=Chiredzi, CH winter=Chiredzi winter, ART=Agricu ltural Research
Trust farm; RARS=Rattray Arnold Research Station, HRE Low N=Harare low nitrogen.

119



PC1 = 36.6%, PC2 = 15%, Sum = 54 6%

1.2 —{Transform = 0, Scaling = 1, Centering = 2, WP = 2
70
0.8 — 5
=
H
0.4 —
11 RARS
= o =
0.0— 2re— =
e 4 -
s
o =2 ART
o )
LE ST
O 04— -
H wWINTER
-0.8 — o0
61 Swy7a
1.2 —
SYalal N
HRE LOwy I
1.6 —
T T T T T T T T T
0.8 0.4 0.0 0.4 0.8 1.2 1.6 2.0 2.4

Figure 4.11 Relationship amongst testing environnmés and genotype by testing

environments for the 20 top yielding genotypes.

PC=principal component; G=genotype; CS=ChisumbanjeCH=Chiredzi summer; ART=Agricultural Research Trust farm; CH
Winter=Chiredzi winter; HRE Low N=Harare low nitrog en.
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Figure 4.12 Genotype and genotype by environmentnteraction biplot based on
genotype and environment focused scaling for comp&on of genotypes and

environments for top 20 yielding genotypes.

PC=principal component; G=genotype; CS=ChisumbanjeCH=Chiredzi summer; ART=Agricultural Research Trust farm; CH
WINTER=Chiredzi winter; HRE Low N=Harare low nitrog en.
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Figure 4.13 Polygon views of the genotype and geéype by environment interaction
biplot based on symmetrical scaling for the “whichwon-where” pattern for

genotypes and environments for the 20 top yieldingenotypes.

PC=principal component; G=genotype; CS=ChisumbanjeCH=Chiredzi summer; ART=Agricultural Research Trust farm; CH
Winter=Chiredzi winter; HRE Low N=Harare low nitrog en.

4.4 Discussion

In this study the environment explained 85% of titial G + E + G x E variation, whilst
genotypes explained 7.0% and G x E interaction%3.These results are consistent with
findings by other researchers (Yanal., 2000; Kayaet al., 2006; Muungangt al., 2007;
Jalata, 2011). Gauch and Zobel (1997) reported thanormal multi-location yield
experiments location accounted for about 80% otdked variation, whilst genotype and G x
E interaction each accounted for about 10%. Asragmtage of the total sum of squares the
environment accounted for 40.7%, genotype 3.6% @mx E interaction for 6.7% of the
variation. These results are also consistent viitthirigs from other investigators (Sabaghnia
et al., 2008; Ramburaret al., 2011). However in this study the contribution Byx E
interaction as a percentage of total sum of squaasslower than what has been reported by
other two research groups. Environment and enviemtrby year accounted for 60% of the
total variability in this study. Muungaset al. (2007) reported environment and environment
X year contributions of 70.44%. This result is awdication that variation amongst
environments within and across years justifiesrtbed for multi-environment yield trials.

The huge yield disparity due to location is peminéo genotype assessment and mega
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location analysis (Fox and Rosielle, 1982; Gauah Zobel, 1996) and again the large G x E
interaction compared to genotype contribution ssggéhe probable existence of different

mega locations.

In this study G74 (SC727) was the best performiagotype in environments Agricultural
Research Trust farm, Harare low N and Rattray Atrieésearch Station and this was an
indication of a non-crossover G x E interactionsies in this study also indicated the
presence of a crossover G x E interaction as destrby Baker (1988), Yan and Hunt
(2001), Kayeet al. (2006) and Jalata (2011). The G x E interactias wrther analysed with
the aid of the AMMI model for grain yield stabilityThe ANOVA indicated highly
significant contribution of environments, genoty@exsl G x E interaction to variation and
results are in agreement with findings from othedies (Sabaghniet al., 2008; Ramburan
et al., 2011; Thangavedt al., 2011). There is a declining impact of the G iteraction sum
of squares with an increasing number of IPCA atesthis study IPCA1 accounted for
48.27% of the G x E sum of squares interaction [&@A2 accounted for 27.82% and in
total they accounted for 76.10%. Findings are me With Yan (2002) and Thanga\etlal.
(2011) who reported that most of the interactiocuoed in the first few axes. AMMI
analysis appears to be able to extract a largeopast G x E interaction and thus is efficient
in analysing G x E interaction as demonstrated tlyefet al. (1988).

A GGE biplot based on genotype-focused scaling Wastrated in order to identify the
positioning of genotypes. The GGE biplot analydigield for the 80 genotypes across seven
environments explained 61.7% of genotype main &ffend G x E interaction with the
primary (PC1) and secondary (PC2) scores contriguti7.5% and 14.2% respectively. On
the other hand the GGE biplot for the 20 genotypgdained 54.6% of the genotype main
effect and G x E interaction. Similar findings haveen recorded by other investigators
(Kayaet al., 2006; Muunganét al., 2007; Jalata, 2011). PC1 scores >0 successfethcted
genotypes that are high yielding and PC1 scoredisd¥iminated the low yielding ones. On
the other hand the PC2 scores showed the genattghidity of the genotypes. Genotypes of
interest were divided into two groups, where grdugonsisted of the stable and high
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yielding genotypes (G52, G57, G79 and G7) and grdumnsisted of unstable but high
yielding genotypes (G74, G68, G48, G61 and G60).

Genotypes with above average means were G48 toaBd4enotypes with below average
means were G45 to G63. The longer the environmestetior, the more significant is the

genotype main effect and the more significant tlection based on mean performance
(Jalata, 2011). Thus genotypes with above averaggnnperformance can be selected for
future breeding. In this study the average enviremimvector was long enough for the

selection of genotypes to be done based on yielhmperformances. An ultimate genotype
must demonstrate both high average yield performamd high stability across locations

(Kayaet al., 2006; Yan and Tinker, 2006; Jalata, 2011). Tdeali genotypes in this study

were identified as G52 (CML548/2N3d-B) and G57 (CMU4-BB/RS61P-B).

In this study the vertex genotypes for the megarenment 1 were G74 and G68 and these
genotypes were the winning genotypes in the sgeciénvironments i.e. Rattray Arnold
Research Station, Agricultural Research Trust fand Harare low N, whilst G60 and G61
were the winning genotypes in Kadoma and Chiredznt®y. Since there was a high
correlation between genotype PC1 scores and gemoigin effects and as the GGE biplot
sufficiently explained the GGE variation, it candiatistically demonstrated that locations in

the same sector share the same winning genotyese(él., 2000).

A GGE biplot which hinges on environment-focusedlisg was depicted to assess the
pattern of environments. Environment PC1 had oolsitpve scores and similar results were
reported by previous scientists (Yetral., 2000; Yan and Hunt, 2001; Kaghal., 2006; Yan
and Tinker, 2006). This consequently proposesttiePC1 represents comparative genotype
yield differences across environments, which leids non-crossover G x E interaction.
Genotypes with large PC1 scores can be easily neged) in environments with larger PC1
scores (Yaret al., 2000). The environment PC2 scores had bothipesind negative scores
and this was an indication of crossover G x E axtgon. This leads to disproportionate
genotype yield differences across environments.ciloumstances where resources are

limiting and there is a need to carry out multi-eonment yield trials, Kadoma, Harare low
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N, Agricultural Research Trust farm and Rattray dddnResearch Station may be the better
test environments since they had near zero PC2s@nd large PC1 scores. Agricultural
Research Trust farm was the most discriminatingrenmnent (largest PC1 score) and had
the longest environment vector. Chiredzi summeriredlzi winter and Chisumbanje had

large PC2 scores which would therefore mean treatthtivar differences observed at these

sites may not exactly reflect cultivar differenaesiverage yield over all sites.

All environments in the study were positively cdated because the angles among them
were less than 90°. Kaya al. (2006) reported similar results. The angle betwRattray
Arnold Research Station and Agricultural ReseardhsfTfarm was very small, hence the
significant correlation (r=0.230). However, thereere inconsistencies, since the largest
correlation would have been expected to be betv@eredzi summer and Chiredzi winter
but instead it was between Harare low N and Agtiral Research Trust farm which had a
much larger angle between them than between Chiseslamer and Chiredzi winter. The
biplot did not explain 100% of the GGE variationssone discrepancies were expected (Yan,
2002).

In a situation where the same trait is measuredthen same genotypes in different
environments indirect selection can be applied. Fignificant correlation coefficients

between test environments suggest that indireecseh for grain yield can be applied
across the test environments. For instance theehiglelding genotypes at Agricultural

Research Trust farm may also show similar respoasétarare low N, Kadoma, Chiredzi
winter and Rattray Arnold Research Station. Thatexice of significant correlation between
environments showed that the information obtained similar so that testing environments

can be reduced to minimise the cost without sigaiftly affecting the validity of the data.

An environment that is more representative of otest environments is the one with a
smaller angle with the average environment axisn(ad Tinker, 2006). Agricultural
Research Trust farm was the most representatilleywied by Harare low N, whilst Rattray
Arnold Research Station and Chiredzi summer weeelghst representative. Environments

that are both discriminating and representativér ascAgricultural Research Trust farm are
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ideal test environments for selecting generallypéeth genotypes and the discriminating and
non-representative such as Rattray Arnold Rese@ration and Chiredzi winter are useful
for selecting specifically adapted genotypes if thiget environments can be divided into
mega-environments. Again the discriminating and-representative environments can be

used for culling unstable genotypes if the targ@irenment is a single mega environment.

In this study hybrids had above average performancal environments as indicated by
angles that were <90°. The genotype and environtm&ans biplot using AMMI analysis
clustered environments into four groups: Groupduided Agricultural Research Trust farm
and Rattray Arnold Research Station, group 2 ctetsief Chisumbanje, group 3 consisted
of Harare low N, Chiredzi winter and Chiredzi sumnaad lastly group 4 consisted of
Kadoma. Among all location-year testing environmserinvironment Agricultural Research
Trust farm interacted with genotypes the same vgagravironment Rattray Arnold Research
Station. The clustering of environments can be arpd by similar weather conditions and
similar growing conditions. Agricultural Researchu3t farm and Rattray Arnold Research
Station were optimum environments located in thghdeld and also with annual average
rainfall of £800 mm. Environments Harare low N, @izi winter and Chiredzi summer
were mainly associated with stress managementréiaras a low N site, Chiredzi winter a
managed drought site and Chiredzi summer was aonmandrought site, associated with
severe mid-season droughts. Chisumbanje clusterets own because it has distinct soils
and is located in the south with low altitude. Hrehical cluster analysis based on hybrid
grain yield clustered environments based on gedgraplocation and stress conditions and
similar results were reported by Gissa (2008). Halaw N and Chiredzi winter are distant
geographical locations but clustered together assalt of prevailing stress conditions in
both environments. When resources are limiting@areselect one environment where more

than one environment exist in the cluster.

4.5 Conclusions
The level of G x E interaction of the single cragbrids in this study was larger than that of
genotype main effects but smaller than that of remwhent main effects. Genotypes

demonstrated both crossover and non-crossover tfp@sx E interactions. The former led
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to substantially different genotype rankings acrtsst environments, therefore making
selection difficult. The stable and high yieldingngtypes were identified as well as the
discriminating and representative test environmeaenotypes G52 (CML548/2N3d-B) and
G57 (CML444-BB/RS61P-B) were identified as the midsial genotypes due to high grain
yield performance and stability. Agricultural Res#aTrust farm was identified as the most
discriminating and representative test environmefithe optimum environments
discriminated the genotypes differently from thees$ environments. In some cases
environments sharing the same location but witledght stress levels discriminated the
genotypes similarly and this showed the possibititydeveloping genotypes under both
stress and optimal environments.
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CHAPTER 5

Genetic variation among CIMMYT and Zimbabwean maizeinbred lines

Abstract

Genetic characterisation of breeding lines is a&agrnmportance as it enables breeders to
maximise on heterosis in hybrid combinations ad welmaintain genetic diversity in the
breeding material. The Zimbabwe National Breedingpgkamme (DR&SS) acquires
germplasm from CIMMYT, IITA and other breeding pragimes to enhance genetic
diversity of its breeding materials. The objectofehis study was to analyse the genetic and
morphological diversity and heterotic relationshigsiongst and between DR&SS and
CIMMYT lines in order to facilitate selection of y@ts for drought tolerant hybrid crosses.
A set of 23 inbred lines (10 from DR&SS and 13 fr@MMYT) were evaluated for 14
morphological traits across seven sites in Zimbabwthe 2009/10 and 2010/11 seasons.
The morphological data revealed that there wasbdity amongst inbred lines that could be
manipulated through selection and hybridisatione Tariability was further substantiated
using PCA, where the overall diversity could notébglained by a few eigenvectors. All
traits accounted for the variability; however tsaguch as grain yield, texture, ear aspect,
common rust, GLS and anthesis days were the majuributors. Lines clustered into two
major clusters and four sub-groups using the Eaalddissimilarity coefficient and in some
cases lines related by pedigree were tightly cladtelines were also fingerprinted using 1
129 SNP markers. Molecular analysis yielded a twft@ 258 alleles, with an average of two
alleles per locus. Cluster analysis based on Rbgessimilarity coefficient revealed two
major clusters and five sub-groups among the linexlerate genetic diversity was observed
with an average dissimilarity of 0.32 and averagé/morphic information content (PIC)
value of 0.258. The clustering was largely not csteat with the available pedigree
information of the lines. Information generatedthms study will, however, aid breeders to

decide on which hybrids to constitute and evaluate.
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5.1 Introduction

Maize is the staple food crop and main source obataydrates in the majority of the
Zimbabwe populace, with a per capita consumptiof5f kg annum. There are different
players in the seed industry who are making arnrtetboprovide a wide range of varieties for
selection by farmers and the Zimbabwe National &ree Programme (DR&SS) is one of
them. The programme acquires germplasm from CIMMYITA and other breeding
programmes to enhance genetic diversity of itsdngematerials through initiation of new
breeding projects. Hybrids and populations develope a maize breeding programme

become important sources for inbred line extraction

Genetic diversity evaluation is used by maize beegdas an alternative method for
germplasm selection (Devi and Singh, 2011). Gemmigress depends on the existence of
genetic variability. Thus, genetic characterisatofrthe available germplasm is critical for
efficient development of new varieties (Amorigh al., 2003). Genetic characterisation of
maize germplasm can be used to group differenttgpas into heterotic groups whereby
lines in the same group are similar compared teslim different groups (Let al., 2009).
Information on the relationship between maize iddnees is critical in designing a breeding
programme especially when it comes to selectingrgarto be used in hybrid development.
Maize hybrids are generally constituted from inblieéds from complimentary and opposite
heterotic groups in order to exploit hybrid vigowybrid development in maize has
generally become the backbone of the formal seetbrsacross continents as a result of high
yielding and adapted varieties that have led tmstfucture development and improvement
of the seed value chain as a whole (Devi and Si2@h}1). Hybrid development is therefore
dependant on the availability of diverse homozygousred lines and evaluating their
performance in different combinations across d#ferlocations (Bauman, 1981; Smith,
1986; Hallauer, 1990; Troyer, 2004; Koutsika-Sotirand Karagounis, 2005).

Inbred line development and selection in maize dirggprogrammes as well as evaluating
hybrid performance in multi-location trials are yasit expensive and require a lot of time. A
small number of inbred lines can be used to produtage number of hybrids, of which

evaluating all of them usually poses a challengall@der, 1990). Therefore making use of
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genetic markers in assessing diversity amongsethbnes has been suggested as a solution
towards overcoming bottlenecks, thereby allowirgyplerformance of single cross hybrids to
be predicted (Lanzat al., 1997). Genetic diversity and the levels of geneariation in
maize can be estimated using both molecular angpmotwgical markers. Earlier studies
have shown that molecular markers are not influénd® the environment like
morphological traits (Williamset al., 1990; Smith and Smith, 1992). Recent studies hav
further shown remarkable evidence of reasonableir@mmental influence on plant
development (Molinieet al., 2006; Liet al., 2009). Hence combining morphological and
molecular analysis should form a reliable basis dermplasm improvement. Molecular
markers that have been found in abundance in albrges that have been studied are SNP

markers.

It is obvious that SNP markers would become a mradde choice considering their
abundance in different genomes as well as thelityabo be processed automatically. SNP
markers have been incorporated in different apgiina such as identifying cultivars, genetic
map construction, positional cloning of targetecti,logenetic diversity assessment,
determining ancestry, association mapping as vgetharker-assisted breeding (Gugtal .,
2001; Rafalski, 2002; Lijavetzkgt al., 2007). Maize is considered highly polymorphic
amongst different crop species with an average #B§uency of 1% (Tenaillort al.,
2001), followed by rice with a SNP frequency of-0.38% (IRGSP, 2005). Ravet al.
(2006) found that wheat had a SNP frequency of Q\éist Zhuet al. (2003) found that
soybean had a SNP frequency of 0.36%. Rapeseedfouad to have the lowest SNP
frequency (0.16%) (Farmasgt al., 2002). There are a large number of SNP markers
available for use in maize, of which many were d&ved using DNA sequences of known
genes. According to Tenaillogt al. (2001) the SNP frequency for chromosome 1 of enaiz
has been estimated to be between 1 in 104 bp torandomly paired landraces and 1 in 124
bp in 36 inbred lines. The objective of this stwdys to analyse morphological and genetic
diversity and heterotic relationships among 10 DIS&Site inbred lines and 13 CIMMYT
inbred lines. The genetic analysis results woukhthssist in selecting parents for drought
tolerant hybrid crosses. The lines under evaluatiotinis study are potential candidates for

the national drought breeding programme. Once &teratic relationships amongst the lines
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are determined, hybrid development would be donsuich a way that inbred lines from

divergent groups are crossed in order to maximyseith vigour.

5.2 Materials and methods

5.2.1 Germplasm selection

A total of 23 inbred lines were chosen for chamas&tion and of these lines, 10 were from
DR&SS and 13 from CIMMYT. Elite lines were choserorh both programmes with
CIMMYT lines being chosen specifically for theiratic stress resistance or abiotic stress
tolerance. All maize lines were the white kerngbety. The DR&SS lines included the
parental genotypes of popular and widely grown cenoial hybrids but being susceptible to
both biotic and abiotic stresses such as droughtM8V disease. Details of the lines are
given in section 3.2.1. Lines were planted at sesrs in 2009/2010 and again at the same
sites in the 2010/2011 season, to facilitate camyuof morphological data but two random

drought sites were excluded from the analysis.

5.2.2 Site selection

Details of sites used are given in sections 3.8d242.2.

5.2.3 Experimental design and morphological traits

The experimental design is as given in sectiord3Rata was recorded as described in Table
3.2. Ear rots were measured as a percentage ehretrs, whilst disease scores for GLS,
northern leaf blight, common rusPyccinia sorghi Schw) and MSV were measured on a

scale of 1-5 where 1 is clean of infection and Sséwerely diseased. Husk cover was

measured as a percentage of plants with ears gratwot completely covered by husks.

5.2.4 Deoxyribonucleic acid extraction

Seedlings for all 23 lines were raised in plasgedstrays for about 2-3 weeks (until they
reached the 3-4 leaf stage). Equal amounts oftiesiie were harvested from 10 plants per
inbred line. The leaf tissue was bulked, cut inces with scissors and transferred into 1.2

ml strip tubes that contained two 4 mm stainlesslggrinding balls. The tissue was freeze-
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dried (lyophilised) for three days using a Labcoffieeze-dryer (Labconco, Kansas City,
MO, USA) as described in the user’s manual. Thehylsed leaf samples were ground into
fine powder using a GenoGrinder (SPEX Certi Preptudhen, NJ, USA) at 500 strokes per
min for 4 min. Genomic DNA was extracted using adrfied version of the high throughput
mini-prep Cetyltrimethylammonium bromide (CTAB) rhetl (Maceet al., 2003). A
modified CTAB extraction buffer was used (200 mN& tthydroxymethyl) aminomethane
(Tris), pH 7.5; 50 mM ethylenediaminetetra ace(&@BTA), pH 8.0; 2 M NaCl; 2% (w/v)
CTAB; 1% (v/v) beta-mercaptoethanol). A total 0040 of the extraction buffer was added
to each sample. Grinding was done for 30 secondsrder to mix the powder with the
extraction buffer. Samples were then incubated58C6in a water bath for 30 min with
continuous gentle rocking. Tubes were gently iragvery 10 min to thoroughly mix the
tissue with the extraction buffer. Tubes were reetbfrom the water bath and allowed to
cool for 10 min in a fume hood. Samples were thently mixed and centrifuged at 3 500
revolutions per min (rpm) for 10 min. A total of ®{l of the aqueous phase was transferred
into new tubes and 60@ chloroform:isoamylalcohol (24:1) was added to Hides of the
tubes. This was followed by gentle mixing througitking for 5 min and centrifuging at
3 500 rpm for 10 min. The upper aqueous layer wassferred into fresh strip tubes and the
chloroform:isoamylalcohol wash repeated. A total60 ul of the upper aqueous phase was
transferred into fresh strip tubes and 0.66 voluofeB00% cold isopropanol was added and
mixing was gently done for 5 min in order to pref@fe the nucleic acid. Centrifuging at 3
500 rpm was done for 20 min to form a pellet at bo&om of the tube. Pellets were then
washed with 70% (v/v) ethanol (6Q0 followed of centrifugation for 10 min after wiidhe
ethanol was discarded through decantation. The wtsh was done twice. Pellets were
allowed to air-dry in the fume hood until the etbehad completely evaporated. The air-
dried pellets were suspended in 200TE buffer (Tris/EDTA) water bath for 45-90 min at
45°C with gentle mixing every 10 min. The qualitiytbe isolated DNA was checked after
running aliquots of DNA samples on a 0.8% (w/v) rage gel that contained 15 mpdj*
GelRed. DNA concentration was measured using a BeopND-1000 spectrophotometer
(Nanodrop Products, Wilmington, NC, USA).
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5.2.5 Single nucleotide polymorphism genotyping

DNA samples were sent to KBiosciences laboratoryddésdon, Herts, UK, for SNP
genotyping. The assays were validated using KBeoea competitive allele-specific PCR
(KASPar) genotyping chemistry. A total of 1 242 SNiere used. The SNPs were selected
out of the available 1 250 SNPs, of which eighteveot able to return data, which would
pass the in-house quality control checks at KBarsoes. The SNP markers were developed
at Cornell University and were converted in pashgy with CIMMYT
(http://www.intergratedbreeding.net/snp-marker-gsion). The analysis was carried out in

a 96-well plate format. The system comprised of wemmponents, the assay mix (three
unlabelled primers, the SNP specific componenthef $ystem) and the reaction mix (all
other components required including the univerdabréscent reporting system). Two
forward primers, one for each SNP allele and omaroon reverse primer were used. There
was a forward primer for each SNP allele and eactvdrd primer had a different SNP

sequence at the’-&nd and a unique unlabelled tail sequence at #ené and this would

bind to the fluorescently labelled molecular beac®he genotyping process basically
involved nine steps. The first step involved thesgsdesign using the Primer Picker software

(http://ww.kbioscience.co.uk/primer-picker/). Thigas followed by sample arraying in a

microtitre 96-well PCR plate. PCR reactions wereugein a total volume of 8l containing
20 ngul™ template DNA, 2ul of reaction mix (mix information proprietary), Xl ul of assay
mix (mix information proprietary), 0.026l of KTaqg polymerase, 0.064 MgCl, and 1.8ul

of H,O. The concentration of Mggin the reaction mix was 2.2 mM. The combined pssa
mix and reaction mix were dispensed over the DNfAas using a liquid dispenser. A
fusion laser welding system was used to seal thteql The PCR cycling was done in a
KBioscience “Duncan” water bath cycler. A hot stactivation that lasted for 15 min was
done at 94°C. Two cycling steps followed wherefitst consisted of 20 cycles at 94°C for
10 sec, 57°C for 5 sec and 72°C for 10 sec. Thensecycle consisted of 18 cycles at 94°C
for 10 sec, 57°C for 20 sec and 72°C for 40 see flates were read using a fluorescence
resonance energy transfer (FRET) plate reader. fitseophores 6-carboxyfluorescein
(FAM) and Zchloro-7-phenyl-1,4-dichloro-6-carboxyfluorescein (VIC) werused for
distinguishing between genotypes and the referedge, 6-Carboxy-X-Rhodamine,
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succinimidyl ester (ROX) was used as a passiveeste. The FAM and VIC data were

plotted on the X- and Y-axes respectively.

5.2.6 Statistical analysis

ANOVA for morphological traits was done using AGRASE (2005). Pearson correlation
coefficients were computed using SPSS version id&.OVindows (2006). The genotypic
(cszg) and phenotypim(zp) variances were calculated from expected mearrsgwh ANOVA
using the formula suggested by Hallauer and Mirga888):

Genotypic variance:

6°g = (MS-MS)/r

Where: MG = mean square of genotypes
MS = mean square error

r = number of replications

Phenotypic variance:
GZp — (529+ng
Whereic’. = error variance

6’y = genotypic variance

Genotypic coefficient of variation:
GCV= (Vo?, / X) 100
Where:cszgJ = genotypic variance

X = mean of the trait

Phenotypic coefficient of variation:

PCV = N 6%/ X) 100

Where: X = mean of the trait

Broad sense heritability was calculated using dhiewing formulae:
H% = 029/ 62p

Where Kg = broad sense heritability
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6°g = genotypic variance
o, = phenotypic variance

Genetic advance:

GA = kopH?

Where: k = the standardised selection differemtid% selection (2.063)
Cp = phenotypic standard deviation of the character
H = heritability estimate

The importance of different traits in explaining ltivariate variation was assessed using
PCA in GenStat 12 Edition (2011). KBiosciences SNP viewer versio89lwas used to
view the SNP data. Powermaker version 3.25 (LiuMnde, 2005) was used for computing
summary statistics of the genetic data such as auofballeles, number of genotypes, allele
and genotype frequencies, PIC, heterozygosity abd feom allele frequencies. GDs based
on morphological data were calculated using the lide@n dissimilarity coefficient

(Kaufman and Rousseeuw, 1990) using the followarghiila:

i
de = Qi 2
gl %1 (-l

Where g and g = allele frequencies of th& pllele at the™f locus in two individuals under
consideration
ni = number of allelegta I" locus

m = number of loci

GDs based on SNP data were calculated using therRatjssimilarity coefficient using the

following formula:

m \/ ni 5
dr= 1/m), N2} (Pj-Cfj)
=1 A1
Where g and g = allele frequencies of th& pllele at the™f locus in two individuals under

consideration

ni = number of allelegla " locus
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m = number of loci

Euclidean (Kaufman and Rousseeuw, 1990) dissinylamefficients calculated in SPSS
version 15.0 for Windows (2006) using morphologidata were subjected to cluster analysis
using the unweighted pair-group method with aritienaverage algorithm (UPGMA) using
sequential agglomerative hierarchical nested dlustealysis (SAHN) programmes in
NTSYSpc 2.21n software (Rohlf, 1993). On the otlmnd Rogers’ (Rogers, 1972)
dissimilarity coefficients calculated in Powermakersion 3.25 (Liu and Muse, 2005) based
on SNP data were subjected to cluster analysigubkm weighted method with neighbour-
joining (Saitou and Nei, 1987) in NTSYSpc 2.21nldRenships among inbred lines were
visualised in dendrograms. The goodness of fithef tlustering matrices was calculated
using the COPH and MXCOMP programmes in NTSYSpc. flidher visualise the
relationship among the inbred lines PCA was doreguBARwin version 5.0.158 software

(Perrier and Jacquemould-Collet, 2006).

5.3 Results

5.3.1 Performance of inbred lines as measured usimgorphological traits

Combined ANOVAs were done within years and acresay (Tables 5.1-5.3). Lines were
significantly different for all measured traits2009/10 and 2010/11 and across the two years
except for stem lodging. Environment x line wasdigant for all other traits in the 2009/10
season except stem lodging, whereas in the 201€a%on it was only significant for
anthesis days, plant height, ear height, root loglgears per plant and ear rot. Environments
were significantly different for all traits withigears and across years. Environment x line
was significant for all traits except stem lodgifgable 5.3). There was considerable
variability amongst lines as indicated by differeadetween the minimum and maximum
values for all traits (Table 5.4). Lines generahowed high prolificacy (ears per plant) of
close to 1 and CML539 had the highest value of {F§ure 5.1) but this did not translate to
very high yield. The CIMMYT line CML548 had the Higst yield of 2.91 t hhand the
lowest yielder was SC5522 with 0.51 t'{@able 5.4).
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Table 5.1 Mean squares for grain yield and other mphological traits across five sites in the 2009/18eason

Source DF GYD AD ASI PH EH EPO RL SL EPP ER

Site 4 50.257**  7759.176**  570.010***  72396.516*  15361.314**** 0.294***  56289.468*** 4156.685***  3538***  1331.052***
Rep within site 5 0.291 411.872 32.024 1254.612* 1.240 1.06 849.766 42.049 0.106 70.853
Line 24 5.284*** 1640.426*** 179.675**  3571.819*** 1134.714*** 0.046***  664.169* 94.286 0.211%**  57832***
Site x Line 96 1.007*** 1105.274*** 173.252*%**  82974* 255.795** 0.014**  558.545* 92.486 0.101***  BA878***
Residual 120 0.389 356.464 15.132 526.962 161.315 .0060 384.174 72.826 0.049 195.883
LSD (0.05) 0.553 16.718 3.444 20.326 11.246 0.068 7.386 7.556 0.196 12.392
SEC 0.27¢ 8.44¢ 1.740 10.26¢ 5.6€0 0.03¢ 8.76¢ 3.81¢ 0.09¢ 6.25¢

***pP <0.001; **P<0.01; *P<0.05; GYD=grain yield; AD=anthesis days; ASl=antheis silking interval, PH=plant height; EH=ear height; EPO=ear position; RL=root lodging; SL=stem
lodging; EPP=ears per plant; ER=ear rot; LSD=leassignificant difference; SED=standard error difference; DF=degrees of freedom; Rep=replication.

Table 5.2 Mean squares for grain yield and other mphological traits across five sites in the 2010/14eason

Source DF GYD AD ASI PH EH EPO RL SL EPP ER

Site 4 14.983*** 13306.760*** 219.586*** 49869.996* 18165.796*** 0.092*** 8235.236*** 6740.890*** 2958*** 1821.460***
Rep within site 5 3.261 54.064*** 2.988 513.856* 51668 0.004 807.542*** 33.644 0.156*** 67.915
Line 24 5.310*** 186.000*** 40.119*** 2750.149** 1219.998*** 0.022*** 806.932*** 93.100 0.299*** 416.727**
Site x Line 96 2.198 13.652*** 17.642 536.634*** @B71*** 0.006 312.844*** 83.304 0.100*** 172.149*
Residue 12C 1.97¢ 5.31¢ 13.7¢0 200.97¢ 114.39: 0.00¢ 152.59: 86.38¢ 0.03¢ 119.06:
LSD (0.05) 1.245 2.041 3.287 12.553 9.470 0.059 938. 8.230 0.163 9.662
SED 0.629 1.031 1.660 6.340 4.783 0.030 5.524 1574. 0.082 4.880

***P <0.001; **P<0.01; *P<0.05; GYD=grain yield; AD=anthesis days; ASI=anthes silking interval; PH=plant height; EH=ear height; EPO=ear position; RL=root lodging; SL=stem
lodging; EPP=ears per plant; ER=ear rot; LSD=leassignificant difference; SED=standard error difference; DF=degrees of freedom; Rep=replication.
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Table 5.3 Mean squares for grain yield and other tits in the 2009/10 and 2010/11 seasons

Source DF GYD AD ASI PH EH EPO RL SL EPP ER

Site 4 22.562**  20507.048**  698.203***  65054.837*  21803.078*** 0.340***  17132.156***  4920.383***  4470***  2085.520***
Line 24 6.569*+* 973.506*** 122.220**  5141.323*** 1733.709*** 0.037***  1105.932*** 136.260* 0.446***  753.513***
Rep within site x

year 4 4.441%* 582.420* 43.765* 2210.585%** 396.135 0.013* 2071.635*** 94.616 0.327**  173.459
Year 1 1.004 3931.208*** 208.658**  19158.050*** BB2.482**  (0.173**  20446.734*** 155.57 0.354** 168.799**
Site x Line 96 1.899** 528.737*** 92.558%*** 684.587 301.929%* 0.009***  439.824*** 88.993 0.106***  307.768***
Site x Year 4 42.678**  558.888* 91.393%* 5721157 11724.032%** 0.046***  47392.547**  5977.193**  2.026**  1066.992***
Line x Year 24 4.025%** 852.921%** 97.575%* 118046*** 621.003*** 0.030**  365.169 51.127 0.064* 23846*
Site x Line x Year 96 1.306 590.189*** 98.336*** 62021%* 230.537* 0.010***  431.566** 86.798 0.095*  410.259***
LSD (0.05) 0.669 8.274 2.340 11.737 7.223 0.044 07. 5.489 0.125 7.720
SED 0.340 4.201 1.188 5.958 3.667 0.022 5.117 7872. 0.064 3.919

***P <0.001; **P<0.01; *P<0.05; GYD=grain yield; AD=anthesis days; ASl=antheis silking interval; PH=plant height; EH=ear height; EPO=ear position; RL=root lodging; SL=stem
lodging; EPP=ears per plant; ER=ear rot; LSD=leassignificant difference; SED=standard error difference; Rep=replication.
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Table 5.4 Mean performance of maize inbred linesof 14 traits evaluated in the
2009/10 and 2010/11 seasons

Line GYD AD ASI PH EH EPO RL EPP ER GLS RUST SEN TEX EA
2Kba 117 757 21 1512 957 042 319 075 138 24 9 1. 06 52 50
2N3d 198 779 30 1923 822 043 393 079 275 26 8 1. 38 39 44
CML312 168 781 26 1646 737 032 300 057 134 29 6 1. 38 28 31
CML545 258 696 -12 1625 831 047 234 091 73 26 6 1. 39 39 38
CML395 239 789 17 2049 989 049 162 085 223 20 5 1. 32 37 40
CML544 195 751 -01 1411 686 043 173 098 65 21 3 1. 37 39 41
CML442 227 788 38 1649 713 040 193 102 138 20 0 2. 34 47 49
CML444 258 816 -03 1712 979 051 244 084 28 33 7 1. 32 30 34
czLo3007 191 755 -09 1501 707 040 457 095 55 20 7 1. 30 22 29
CML536 181 828 06 1853 892 039 206 085 43 22 2628 22 28
CML537 232 779 14 1717 749 039 177 071 82 30 1531 28 32
CML538 237 743 -06 1689 796 042 149 08 117 25 3 1 35 34 40
CML539 199 713 -01 1343 687 043 299 136 24 23 1. 35 34 38
Ke4r 137 757 06 1292 619 045 359 082 306 21 1. 44 44 47
N3.2.3.3 152 790 23 1807 906 051 442 059 85 34 18 40 44 47
NAW58s5s 130 783 66 1659 833 041 393 063 210 26 4 1. 31 32 32
RA214P 175 806 39 1941 924 045 201 060 308 21 3 1. 29 32 38
RS61P 253 748 15 1460 790 047 276 08 85 25 1329 33 35
SC5522 051 807 36 1947 957 044 452 062 221 23 6 1. 46 26 28
SVIP 105 629 -01 1333 719 043 325 091 19 27 1 3 40 34 41
WCOBY 119 750 15 1429 715 048 280 070 198 29 9 1. 33 31 36
CML548 291 765 20 1597 745 042 224 090 161 26 7 1. 34 25 31
CZL052 152 730 -01 1641 782 044 455 076 38 24 4 1. 35 31 41
Mean 188 763 15 1636 804 043 288 083 124 25 8 1. 34 34 38
Min 051 629 ~-12 1292 619 032 149 057 19 20 3 1. 06 22 28
Max 291 828 66 2049 989 051 457 136 308 34 1 3. 46 52 50
LsD(0.05) 049 18 17 134 142 005 116 017 159 08 0508 09 09
MSE 034 43 35 2107 941 000 1892 004 1770 02 1 0 03 07 07

GYD=grain yield (t ha™); AD=anthesis days; ASl=anthesis silking interval(days); PH=plant height (cm); EH=ear height (cm);
EPO=ear position (0-1); RL=root lodging (%); EPP=eas per plant (#); ER=ear rot (%); GLS=grey leaf spd (1-5); RUST=common

rust (1-5); SEN=senescence (1-10); TEX=texture ():3EEA=ear aspect (1-5); LSD=least significant diffeence; MSE=mean square
error; Min=minimum; Max=maximum.

In terms of maturity SV1P was the earliest (62.9s)laand the latest was CML536 (82.8
days). All lines exhibited good anthesis silkingeival values except NAW5885, which had
an anthesis silking interval value of 6.6. Lines@mlly had foliar disease scores of less than
3 except CML444 and N3.2.3.3, which had GLS scofes3 and 3.4 respectively. The rust
scores were lower than the GLS scores (Figure B&®yever SV1P was the only line with a
high rust score of 3.1. Lines showed high ear etg@ntages and this resulted in poor ear
aspect scores (Table 5.4). K64r (30.6) and RA2BOB] had the highest ear rot scores. The

texture of the lines ranged from semi-flint to dent
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Figure 5.2 Response of lines to ear rot and foliatiseases across seasons.
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The genetic and phenotypic variances as well agabéity estimates for the lines are
presented in Table 5.5. Broad sense heritabilityneses calculated showed that half of the
traits were highly heritable with more than 50%itadility. Grain yield had the highest
heritability estimate of 0.81 and stem lodging hie lowest heritability estimate of 0.02.
Other traits with high heritability estimates (>0)%ere plant height, ear height, ear position
and ears per plant (Table 5.5). Plant height hadatgest genetic variance (274.8) whilst ear
position had the smallest genetic variance (0.0B&enotypic variances were higher than
genetic variances for anthesis days, anthesisgilkiterval, plant and ear height, root and
stem lodging, ears per plant and ear rot. Traith Wigh genotypic coefficients of variation
included grain yield, anthesis days, anthesis railkinterval, plant height, ear height, root
lodging and ear rot (Table 5.6). Anthesis silkingerval had the highest phenotypic
coefficient of variation (34.6) whilst ear posititvad the lowest value (10.3). Plant (16.30)
and ear (9.14) height had high genetic advanceegatompared to other traits. Grain yield
had the highest genetic advance (25.0%) as a gageeof the mean, whilst ear position had
the lowest value (1.1%).

PCA computed using the correlation matrix grougesl 14 traits into 14 components, which
accounted for 100% of the variability present amtrglines evaluated. The first nine PCs
explained 94% of the total variation, whilst theefieigenvectors with eigenvalues greater
than one accounted for 74.1% of the entire vaitgbdvailable among the inbred lines

(Table 5.7). The first PC that explained 26.2%haf variation among genotypes was mainly
attributed to variation in anthesis days, anthegisng interval, plant and ear height, stem
lodging, ears per plant and ear rbhe second PC that accounted for 17.7% of the ti@mia

was dominated by grain yield, anthesis silkingnvééand root and stem lodging.

In the third PC (12.1%) GLS, texture, ear positiear height, anthesis silking interval, root
lodging, ear rot and common rust were the most mapo traits. Ear position, ear aspect, ear
rot and GLS were important delineating traits agged with the fourth PC, which accounted
for 9.7% of the total variation. The fifth PC whietplained 8.4% of the total variation was
associated with variation due to senescence, conTogin ear position, ear height, ear rot

and grain yield. Each trait was found to be an irtgyd source of variation in the PCA.
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Table 5.5 Genetic and phenotypic variances and héeability estimates

Trait Genetic variance Phenotypic variance Heritabiity
GYD 0.428 0.528 0.81
AD 53.515 164.043 0.33
ASI 0.642 17.968 0.04
PH 274.785 357.189 0.77
EH 87.892 113.471 0.78
EPO 0.003 0.005 0.71
RL 10.562 66.417 0.16
SL 0.180 9.429 0.02
EPP 0.011 0.021 0.52
ER 2.955 57.543 0.05

GYD=grain yield; AD=anthesis days; ASl|=anthesis sking interval; PH=plant height; EH=ear height; EPO=ear position; RL=root
lodging; SL=stem lodging; EPP=ears per plant; ER=earot.
Table 5.6 Estimates of genotypic and phenotypic ciieients of variation and genetic
advance of the maize inbred lines across all envinments in the 2009/10 and
2010/11 seasons

Trait GCV (%) PCV(%) GA GA (% of mean)
GYD 47.7 53.0 0.47 25.0
AD 83.8 147 5.75 7.5
ASI 65.4 34.6 0.14 9.3
PH 12.9 14.8 16.30 10.0
EH 105 11.9 9.14 11.4
EPO 8.8 10.3 0.05 1.1
RL 60.6 15.2 2.89 10.0
EPP 115 15.9 0.11 13.3
SL 12.7 91.8 0.16 1.4
ER 48.9 21.5 0.65 5.2

GCV=genotypic coefficient of variation; PCV=phenotyic coefficient of variation;, GA=genetic advance; &D=grain yield;
AD=anthesis days; ASlI=anthesis silking interval; PHplant height; EH=ear height; EPO=ear position; RL=root lodging; SL=stem
lodging; EPP=ears per plant; ER=ear rot.

5.3.2 Correlation coefficients among morphologicataits

Pearson coefficient correlations for the traits @mesented in Table 5.8. Significant
correlation coefficients are highlighted in boldia@® yield was negatively and significantly
(P<0.01) correlated with root lodging (r=-0.613) arabjpively correlated (0.05) with ears
per plant (r=0.415). Correlation of grain yield vénthesis silking interval, ear height, stem

lodging, ear rot, rust, senescence, texture andsggact was negative and non-significant.
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Table 5.7 Eigenvectors, eigenvalues and individuahnd cumulative percentage of
variation explained by first nine principal components for 14 morphological

traits of maize inbred lines

Eigenvectors
Variables PC1 pPC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9
Grain yield 0.0z 0.5¢ -0.12 -0.04 0.21 -0.02 0.01 0.41 0.11
Anthesis days -0.41 0.02 -0.18 -0.10 0.00 0.23 20.0 0.49 -0.05
Anthesis silking interval -0.33 -0.29 -0.23 0.03 .0® -0.23 0.02 0.33 -0.01
Plant height -0.44 0.07 0.01 -0.03 0.08 0.30 0.25 -0.08 0.45
Ear height -0.40 0.10 0.25 0.17 -0.22 0.37 -0.03 0.13 0.08
Ear position -0.06 0.10 0.46 0.45 0.33 0.26 -0.10 0.07 -0.47
Root lodging 0.02 -0.4¢ 0.2¢ -0.0¢€ 0.0t 0.2Z -0.4z 0.04 0.3C
Stem lodging 0.30 -0.40 -0.14 0.02 0.03 0.32 -0.10 0.40 -0.04
Ears per plant 0.38 0.24 -0.19 0.16 0.05 0.34 0.01 0.23 0.10
Ear rot -0.27 -0.26 -0.31 0.29 0.29 -0.17 0.17 040. -0.36
Grey leaf spot -0.09 0.04 0.59 -0.26 0.02 -0.42 .050 0.42 -0.01
Common rus 0.17 -0.1¢€ 0.22 0.0z -0.4z 0.1z 0.7¢ 0.1¢ -0.12
Senescence 0.10 -0.17 0.12 -0.23 0.72 0.05 041 .09-0 0.21
Ear aspect 0.09 -0.06 0.07 0.72 -0.01 -0.33 0.04 .140 052
Grain texture 0.06 0.21 -0.61 0.04 -0.01 0.12 10.0 0.14 -0.18
Eigenvalue 3.67 2.47 1.69 1.36 1.18 0.20 0.82 0.55 0.44
Individual percentage variation
explained 26.2 17.7 12.1 9.7 8.4 6.8 5.9 4.0 3.2
Cumulative percentage variation
explained 26.2 43.9 56.0 65.7 74.1 80.9 86.8 90.8 4.09

PC= principal component.

Anthesis days were positively and significantly retated with anthesis silking interval

(r=0.489) and plant (r=0.662) and ear (r=0.499)ghei whilst on the other hand it was

significantly and negatively correlated with eaes plant (r=-0.430). The largest significant

and positive correlation was between grain texturé ear aspect (r=0.938). Anthesis silking
interval was significantly and negatively correthigith ears per plant (r=-0.527) as well as
positively and significantly correlated with eat 6.617). Correlation between plant height
and ear height was significant and positive (r=8)7%tem lodging and ears per plant were
significantly and negatively correlated with plamd ear height. Root and stem lodging were
significantly and positively correlated with eacther. Ears per plant were significantly and
negatively correlated with ear rot. GLS, rust, gasition and senescence were not

significantly correlated with any of the morpholacgji traits.
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Table 5.8

Pearson coefficient correlations for giia yield and other morphological traits measured fom the inbred lines
in the 2009/10 and 2010/11 seasons

Trait GYD AD ASI PH EH EPO RL SL EPP ER GLS RUST SEN TEX
AD 0.073

ASI -0.307 0.489*

PH 0.089 0.662**  0.410

EH -0.046 0.499* 0.266 0.753**

EPO 0.086 -0.024 -0.173 0.099 0.390

RL -0.613** -0.087 0.161 -0.083 -0.017 0.047

SL -0.386 -0.259 -0.046 -0.493* -0.479* -0.168 0.546**

EPP 0.415* -0.430*  -0.527* -0.468* -0.421*  0.007 -0.269 0.354

ER -0.234 0.0377  0.617* 0.344 0.129 0.060 0.050 -0.004 -0.450*

GLS 0.039 0.003 0.003 0.024 0.164 0.231 0.127 4.27 -0.388 -0.263

RUST -0.321 -0.283 -0.139 -0.191 -0.088 -0.104 0.09 0.300 0.093 -0.213 0.072

SEN -0.090 -0.150 -0.086 0.020 -0.330 0.108 0.206 .21® 0.006 0.105 0.104 0.028

TEX -0.085 -0.170 0.110 -0.170 0.023 0.276 -0.037 .078 0.086 0.203 -0.064 0.025 -0.185

EA -0.082 -0.245 -0.008 -0.182 -0.070 0.291 0.001  .070 0.133 0.165 -0.087 0.104 -0.117 0.938**

**P <0.01; *P<0.05; GYD=grain yield; AD=anthesis days; ASI=anthes silking interval; PH=plant height; Ear height; EPO=ear position; RL=root lodging; SL=stem lodging;EPP=ears

per plant; ER=ear rot; GLS=grey leaf spot; RUST=common rust; SEN=senescence; TEX=texture; EA=ear aspec
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5.3.3 Genetic distances and heterotic grouping amg lines based on morphological
data
Estimates of genetic distances based on morphealbdéta expressed as Euclidean distances
for all 253 pairwise comparisons averaged 0.37 ramgjed from 0.109 between CML538
and CML537 to 0.911 between K64r and CML395 (Tdh®. Low genetic distances were
observed amongst the inbred lines CML538 and CML&BT09), CML442 and CML312
(0.126), RS61P and WCOBY (0.146), CML537 and CML442160), CML312 and
CML545 (0.169), CML442 and CML548 (0.175), CML54BdaCML537 (0.179), RS61P
and CML548 (0.180), CML538 and CML545 (0.182), S\drirl CML539 (0.183), CML312
and CML537 (0.188) and WCOBY and CML548 (0.185).9of these lines are related by
pedigree and they belong to the same heterotigpgrdtigh genetic distances were observed
between K64r and CML395 (0.911), CML395 and SV1B46), CML395 and CML539
(0.852), RA214P and K64r (0.808), RA214P and CMLHB8990), RA214P and SV1P
(0.762), SC5522 and K64r (0.756), SC5522 and SM1P26), CML395 and CML544
(0.725), CML395 and CZL03007 (0.724), CML539 and55g2 (0.721), SC5522 and
CML544 (0.715) and K64r and CML536 (0.719).

The dendrogram obtained from UPGMA cluster analysisig the Euclidean dissimilarity
coefficient classified the inbred lines into fiveam clusters (Figure 5.3). The dendrogram
exhibited a poor goodness of fit with a matrix etation of r=0.70. The total detected
morphological variation between the 23 inbred limess a dissimilarity of 53%. Generally
grouping of lines was not in line with the knowrMMYT A and B and DR&SS SC and N3
heterotic grouping. In main groups | and Il linessigally did not group according to already
known heterotic groupings. Group | clustered sdpérdrom the other groups, indicating
that the four lines in this group were the mostatily related from the other lines, based on
morphological data. Group Il also clustered seplyandicating that the three lines differed

significantly from the other lines.
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Table 5.9 Estimates of genetic distances based orudidean distances and morphological data for all @ir-wise

comparisons of 23 inbred lines

LINE 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 91 20 21 22 23
2Kba 1 046: 0.26¢ 0.22¢ 0.57¢ 0.34¢ 0.317 0.30C 0.31¢ 0.39% 0.35¢ 0.35¢ 0.397 0.48¢ 0.361 0.27¢ 053¢ 0.25¢ 0.507 0.397 0.33t 0.32¢ 0.35¢
2N3d 2 0.336 0.409 0.331 0.619 0.387 0.423 0.506 0.329 840.30.421 0.686 0.695 0.277 0.311 0.316 0.541 0.280697 0.558 0.441 0.434
CML312 3 0.169 0.510 0.294 0.126 0.315 0.255 0.303 0.188 460.20.390 0.464 0.303 0.209 0.455 0.256 0.453 0.40893 0.213 0.281
CML545 4 0.493 0.273 0.200 0.235 0.321 0.287 0.179 0.182 040.40.537 0.325 0.272 0.457 0.246 0.496 0.382 0.3P3238 0.305
CML395 5 0.725 0510 0.404 0.724 0.308 0.438 0.436 0.852110.90.422 0.497 0.213 0.671 0.384 0.846 0.714 0.58%11
CML544 6 0.279 0.438 0.336 0503 0.319 0.320 0.295 0.420 400.50.412 0.649 0.223 0.715 0.279 0.243 0.286 0.421
CML442 7 0.349 0.323 0.297 0.160 0.228 0.384 0.466 0.370 730.20.456 0.257 0.491 0419 0.287 0.175 0.340
CML444 8 0.462 0.223 0.257 0.241 0575 0.705 0.279 0.319 830.30.383 0.449 0.543 0471 035 0.371
CZL03007 9 0.482 0.392 0441 0.252 0.369 0.387 0.305 0.661 310.20.552 0.279 0.278 0.317 0.227
CML536 10 0.22¢ 0.277 0.59¢ 0.71¢ 0.25¢ 0.33¢ 0.33¢ 0.431 0.35( 0.60t¢ 0.50¢ 0.347 0.382
CML537 11 0.109 0.479 0587 0331 0.284 0.379 0.309 0.478670.40.355 0.203 0.332
CML538 12 0.515 0.610 0.368 0.303 0.357 0.326 0.514 0.475610.30.228 0.371
CML539 13 0.30¢ 0.57¢ 0.46¢ 0.79C 0.227 0.721 0.18: 0.27: 0.36t¢ 0.401
K64r 14 0.663 0.488 0.808 0.367 0.756 0.367 0.280 0.430 160.5
N3.2.3.3 15 0.219 0.385 0.408 0.234 0.556 0.474 0.360 0.238
NAW5885 16 0.388 0.282 0.348 0.442 0.296 0.224 0.224
RA214P 17 0.588 0.368 0.762 0.597 0.450 0.534
RS61P 18 0.568 0.208 0.146 0.180 0.267
SC5522 19 0.726 0.607 0.485 0.418
SV1P 20 0.243 0.349 0.358
WCOBY 21 0.185 0.327
CML548 22 0.272
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Figure 5.3 Unweighted pair-group method with arithmetic average algorithm cluster analysis of 23 maginbred lines

based on morphological data combined over two seasand seven locations.
Dark blue=A group; Light blue=N3 group; Red=B group; Orange=SC group
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Most of the lines (16) clustered together in grolibslV and V. Lines clustered mainly
according to heterotic groups in the subgroupsrotigs IV and V. Although group IV
consisted of four lines belonging to two differdwaterotic groups, lines paired according to
B and N3 groups in the two subgroups. Group V wasliggest group with 10 lines and
contained subgroups in which the lines grouped raacg to the known heterotic groupings.
However CML548 belonging to heterotic group B, tdued with three lines belonging to
heterotic groups B and SC. Five CIMMYT lines belimgto heterotic group A (CML312,
CML442, CML545, CML537 and CML538) clustered togathn the same subgroup and
were also closely related based on pedigree daigohidlogically the most similar lines were
CML537 and CML538 [MAS(CML206/CML312)-23-2-1-1-B drzM621A-10-1-1-1-2-B]
with 89% similarity followed by CML312 and CML442S89500-F2-2-2-1-1-B and
(M37W/ZM607-#-B-F37SR-2-3SR-6-2-X)-8-2-X-1-B] with similarity of 87% and RS61P
and WCOBY (share a similar parent SC5522) withalarity of 85%.

On the other hand grouping in terms of morpholddiczts followed a certain trend. The
four lines in group |1 (RA214P, CML395, SC5522 andi3d) all had mean plant heights of
above 190 cm, with high ear placement. These Me® also late maturing with a mean
number of days to anthesis of above 75 days arfu dag rot percentages. Group Il (K64r,
SV1P and CML539) was generally characterised bly @aarmedium maturing and shorter
plants of semi flint to semi dent texture. Linesggnoup 11l were tall, late maturing and had a
similar number of ears per plant. The sub-grouphiwigroup IV consisted of lines with
similar anthesis silking interval values, where NB885 and N3.2.3.3 had positive anthesis
silking interval values whilst CZL052 and CZL030B@d negative anthesis silking interval
values. Finally in group V CML537 and CML538 hadnsar grain yield means, whilst
CML442 and CML312 had similar days to anthesisppleeights and ear rot scores. RS61P
and WCOBY had similar GLS scores and their anthabigg interval values were the same
(1.5). The outlier lines did not pair with othends because of the unique morphological
characteristics that they exhibited. CML548 wastthghest yielder (2.91 t H amongst the
lines, whilst K64r had the second highest eascote (30.6). CML545 had the best anthesis

silking interval value (-1.2) and 2Kba had a poar @spect score (5.0).
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5.3.4 Single nucleotide polymorphism performance ahquality

The data for all individuals tested was presentwed graph using the SNP viewer and the
graph indicated the colour of fluorescence andideatified genotype as shown in Figure

5.4, where three clearly defined groups can be semnely homozygotes G:G (red),

homozygotes C:C (blue), heterozygotes G:C (grednilevihe genotypes indicated in pink

were outliers that did not cluster clearly with arvfethe identified groups. All SNP data (23

lines by 1 242 SNPs) were initially scored. SNP kaes that were monomorphic (26

markers) or had more than 20% missing data pognsr(arkers) were removed from further
analyses. As a result, a total of 1 129 SNPs (946 included in the analysis of which 297
SNPs had 10-20% missing data whilst 832 had |less 10% missing data.
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Figure 5.4 Example of information extracted from eah single nucleotide polymorphism
marker using the single nucleotide polymorphism vieer. Data presented is
for single nucleotide polymorphism marker PHM1274913, which detects a

C/G single nucleotide polymorphism in the maize gemme.
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In the 23 inbred lines, 2 258 alleles were deteate 129 loci with two alleles per locus. An
even distribution of minor allelic frequency wassebved with continued classes from 0.01
to 0.50 (Figure 5.5 and Appendix 9). Only 9.5% (10¥29) of the SNPs had a minor allele
frequency of less than 0.05, whilst approximatedy356 (602/1 129) of the markers had a
minor allele frequency of more than 0.20. In addit123, (10.9%) of the markers had a
minor allele frequency close to 0.50 thereby showalmost equal allele frequencies for the
two alternative alleles. The average PIC was 0&%2 ranged from 0.024 to 0.375 with a
peak distribution between 0.311 and 0.375 (Figuéealhd Appendix 10). About 41.7% of
the markers had PIC values greater than 0.30. Stimaed gene diversity ranged from
0.025 to 0.500 with an average of 0.312 (data hows). SNPs were well dispersed across
the 10 chromosomes and the coverage ranged fronon6&hromosome 7 to 206 on
chromosome 1 (Table 5.10). The inbred lines exdibibeterozygosity at 0.09% of the
genetic loci. The number of heterozygous loci pdred line was determined. There were
four inbred lines with a large number of heterozygdoci and these were 2N3d (427),
CML537 (403), WCOBY (358) and CZL052 (312) (TabldB. There was no line with
100% homozygous loci, however CML442 had 99.29% dmygous loci.

300 -~
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200 -~
150 ~
100 +
50 A

0.0-0.10 0.11-0.20 0.21-0.30 0.31-0.40 0.41-0.50

Frequency of minor allele

Number of SNPs

Figure 5.5 Frequency distribution of minor allelesamong 23 inbred lines based

on 1 129 single nucleotide polymorphism (SNP) miaers.
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5.3.5 Genetic distances and heterotic grouping dines based on single nucleotide
polymorphism markers

The Rogers dissimilarity coefficient based on SMRadevealed that low GDs were recorded

amongst lines. Distances ranged from 0.11 to 0.8 avmean of 0.32 (Table 5.12). Lines

with the lowest genetic distances were SC5522 addl538 (0.108), SV1P and WCOBY

(0.143), 2N3d and WCOBY (0.172), 2Kba and N3.2.8376), CML537 and WCOBY

(0.192) and RA214P and CML544 (0.195).
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Figure 5.6 Polymorphic information content (PIC) anong 23 inbred lines based

on 1 129 single nucleotide polymorphism (SNP) marks.

Table 5.10 Distribution of single nucleotide polyrarphism markers over the 10

maize chromosomes

Chromosome numbe Number of SNP:
1 206
2 121
3 139
4 120
5 130
6 8¢
7 65
8 102
9 83
10 74
Total 1129

SNP=single nucleotide polymorphism
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Table 5.11 Number of heterozygous loci and percerga homozygosity of maize inbred

lines
Name of inbred line Origin Number of heterozygousdci % homozygosity
2Kba DR&SS 29 97.43
2N3d DR&SS 427 62.18
CML312 CIMMYT 28 97.52
CML545 CIMMYT 72 93.62
CML395 CIMMYT 32 97.17
CML544 CIMMYT 31 97.2¢
CML442 CIMMYT 8 99.29
CML444 CIMMYT 91 91.94
CZL03007 CIMMYT 17 98.49
CML536 CIMMYT 15 98.67
CML537 CIMMYT 403 64.30
CML538 CIMMYT 27 97.61
CML539 CIMMYT 14 98.76
K64r DR&SS 13 98.85
N3.2.3.1 DR&SSE 65 94.2¢
NAWS5885 DR&SS 27 97.61
RA214P DR&SS 20 98.23
RS61F DR&SE 19 98.3%
SC5522 DR&SS 12 98.94
SV1P DR&SS 55 95.13
WCOBY DR&SS 358 68.29
CML548 CIMMYT 14 98.76
CZL052 CIMMYT 312 72.36

The highest recorded distances were between CMIa5862N3d (0.384), CZL03007 and
CML536 (0.381), CML395 and CML536 (0.378), CML54d4daCML536 (0.376), CML539
and CML536 (0.376), CML536 and CML442 (0.375) andLG38 and CML536 (0.374).

Neighbour-joining cluster analysis in NTSYS groupbé 23 lines into two major groups
(Figure 5.7). The dendrogram showed a good goodofeBs (r=0.87). There was no clear
separation of lines according to their origin (CIMM and DR&SS). The major groups did
not show grouping according to the known hetergtimups. However, within some of the
subgroups of the main groups there was consisteitbythe known heterotic groups. Group
| consisted of two lines that both belong to simiaterotic groups (SC and B). Group Il was
divided into two subgroups A and B.
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Table 5.12

Estimates of genetic distances based eimgle nucleotide polymorphism data and Rogers’ dtances for all pairwise

comparisons
Line 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
2N3c 2 0.29¢
CML312 3 0.30z 0.28¢
CML545 4 0.360 0.328 0.286
CML395 5 0339 0.341 0.319 0.352
CML544 6 0320 0.335 0.288 0.338 0.340
CML442 7 0351 0.357 0.302 0.348 0.272 0.300
CML444 8 0.32¢ 0.29¢ 0.26t 0.21¢ 0.321 0.297 0.29¢
CZL0300: 9 0.34C 0.33: 0.28¢ 0.337 0.30¢ 0.30¢ 0.31C 0.26¢
CML536 10 0.358 0.384 0.326 0.237 0.378 0.376 0.375 0.332 810.3
CML537 11 0.349 0.204 0.266 0.326 0.330 0.351 0.345 0.320 380.30.364
CML538 12 0.341 0.332 0.296 0.334 0313 0.253 0.222 0.288 060.30.374 0.337
CML539 13 0.350 0.341 0317 0339 0314 0337 0.331 0.292 870.20.376 0.348 0.318
K64r 14 0.275 0357 0316 0.361 0.232 0.340 0.270 0.331 250.30.366 0.315 0.308 0.332
N3.2.3.3 15 0.176 0.259 0.245 0327 0346 0.323 0.364 0.328 160.30.350 0.349 0.343 0.361 0.333
NAWS5885 16 0.334 0.343 0.299 0.318 0.314 0.301 0.319 0.292 900.20.344 0.340 0.308 0.289 0.330 0.339
RA214P 17 0332 0.350 0.297 0.331 0.326 0.195 0.285 0.283950.20.368 0.337 0.262 0.320 0.335 0.339 0.290
RS61P 18 0.335 0.335 0.283 0.322 0.332 0.309 0.299 0.273 750.20.363 0.345 0.293 0.299 0.335 0.339 0.295 0.266
SC5522 19 0.344 0353 0.312 0.240 0.341 0.326 0.332 0.281 060.30.363 0.341 0.306 0.316 0.342 0.338 0.332 0.323304
SV1P 20 0.277 0.280 0.243 0.259 0.290 0.285 0.304 0.276 700.20.256 0.272 0.292 0.299 0.279 0.295 0.260 0.28x77 0.272
WCOBY 21 0.294 0.172 0.275 0.279 0.342 0.333 0.348 0.246 200.30.285 0.192 0.326 0.349 0.327 0.288 0.321 0.328321 0.334 0.143
CML548 22 0352 0351 0303 0.276 0.334 0.321 0.329 0.251 060.30.369 0.354 0.310 0.298 0.332 0.357 0.316 0308291 0.108 0.266 0.338
CZL052 23 0334 0.239 0.294 0.329 0.325 0.216 0.243 0.269 820.20.360 0.276 0.223 0.319 0.332 0.330 0.307 0.2097 0.329 0.292 0.244 0.324
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Figure 5.7 Neighbour-joining cluster analysis fothe 23 maize inbred lines based on Rogers’ dissiriity coefficient using single

nucleotide polymorphism data.
Dark blue=A group; Light blue=N3 group; Red=B group; Orange=SC group.
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Group A comprised of two lines belonging to simigaoups namely NAW5885 (N3) and
CML539 (A). Group B was further divided into subgps and later into sub-subgroups. In
subgroup a CML536 and CML545 clustered together threde two lines are related by
pedigree since they share a common parent. Further8C5522 and CML548 in subgroup
a clustered together but these lines belong to sif@roups according to the known
classification. CML442 and CML538, clustering tdgst in subgroup b, were derived from
similar populations. CML395 and K64r clustered tibge and these lines belong to related
groups B and SC respectively. 2N3d has N3.2.3.8nasof its parents and the two lines
clustered in the same subgroup and a similar sicewass noted with CML312 and CML537,
where CML537 has CML312 as one of its parents &ediwo again clustered in the same
subgroup. The rest of the lines did not group atiogrto known heterotic grouping and/or
pedigree. It was noted that there were four lingh @& high number of missing data namely
CML545 (33.92%), SV1P (29.05%), WCOBY (28.79%) aPW3d (27.90%) and since
missing data can skew the data these lines weee étcluded from the analysis and a
dendogram consisting of 19 lines was constructeggl(e 5.8). This was done to ascertain if
the grouping was going to be improved without ther flines. The dendrogram also showed
a good goodness of fit (r=0.81). Lines were stMided into two major groups and similar
groupings were maintained. One of the exceptions fea RS61P and CZL03007. In the
initial grouping these lines grouped in the samtegsoup but after removal of the four lines,
these lines were still in the same group but ditl ahaster together in the same subgroup.
Furthermore CML536 did not show any relationshighvainy of the lines where it previously
grouped together with CML545.

A PCA biplot was further drawn for the 23 inbréaklk using the SNP data in order to assess
the grouping pattern of lines (Figure 5.9). Liner&vclassified into five main groups. There
was still a mixture of different heterotic groupsgithin each group. However, lines known
to be in the same group appeared closer togethtinwthe biplot. Group | consisted of
WCOBY, RS61P, SV1P (SC group) and CML544 (B gro@Grpup Il consisted of five lines
namely 2Kba, CML312, CML548, CML442 and CML545.
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Figure 5.8 Neighbour-joining cluster analysis for the 19 inbre&l maize inbred lines based on Rogers’ dissimilaritgoefficient using

single nucleotide polymorphism data. (Lines with digh percentage missing data excluded from the anais.)
Dark blue=A group; Light blue=B group; Red=B group; Orange=SC.
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Figure 5.9 Principal component analysis for the 2&iaize inbred lines based on single nucleotide polyarphism data.
Dark blue=A group; Light blue=N3 group; Red=B group; Orange=SC group.
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This group was mainly dominated by lines from gréufCML312, CML548, CML442 and
CML545) and these lines are related by pedigree. liffes that constituted group Il were
CML537, CML538, CML536 (group A), CML444 (group BRA214P (group N3) and
CML395 (group B).

Lines CML537 and CML538 closely grouped togethethi@ biplot and are also in the same
heterotic grouping (A), whilst CML536, also in gmp@, appeared a little further from the
other two lines. Group IV comprised of N3.2.3.3,32Nand NAW5885. Lines 2N3d and
N3.2.3.3 appeared closer to one another on thetbapid these lines are closely related as
2N3d is a direct derivative from N3.2.3.3. These¢hlines belong to the N3 heterotic group.
Group V comprised of CZL052, CZL03007 (both fronogp B) and K64r (group SC).

5.3.6 Comparison of dendrograms based on morphol@mgl and single nucleotide
polymorphism data
The two dendrograms showed different groupingsnefsl and no clear grouping according to
known heterotic groups was observed for both degrdras. However, the morphological
dendrogram showed more consistency based on knatarotic groups compared to the
SNP dendrogram. This may be mainly because lines méially grouped using testers and
the grouping was mainly based on field data. Theiging in the morphological dendrogram
corresponded with the morphological data of thedimnd in some cases lines related by
pedigree grouped together. In the morphologicalddsgram lines CML312, CML442,
CML545, CML537 and CML538 clustered in the sameugrand these lines belong to group
A, whereas in the SNP dendrogram these lines watitdrgo different groups although some
of them still appeared together within those groupise grouping in the SNP dendrogram
showed that it was mostly consistent with the pesigrelationships amongst the lines as
revealed by close clustering of CML312 and CML5B@RIL537 has CML312 as one of its
parents hence its close relationship with the linees CML442 and CML538 clustered
together in the SNP dendrogram and these two wexe derived from similar populations.
The grouping in the SNP dendrogram did not seenmaee any relationship with the
morphological traits of the lines.
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5.4 Discussion

Existence of genetic variability in any given gefagm is important as it facilitates the
process of selection and superior germplasm caredssly identified. The significant
morphological differences between lines for thaedraits were an indication that there
existed variability amongst the 23 tested linesweler the most ideal sample for the best
estimate of genetic variability is at least morantt80 lines. Morphological trait variations
amongst maize inbred lines were also reported byHzm et al. (1995) and Gissa (2008).
Prasannat al. (2001) reported that genetic variability for mastits in maize is high and
amenable to enhancements. However, Karang. (2009) reported similarities in most of
the morphological traits in maize inbred lines dnely concluded that this could have been
due to lines being able to balance environmentpaerse differences. Again Karargaal.
(2009) only used 10 lines which were perhaps frominailar background The variation
detected in the current study can therefore beo#epl by breeders through selection,

hybridisation and recombination of desirable gepesy

Environments were significantly different in 2009/and 2010/11 as shown in the combined
analysis and this was due to differences in thevigrg conditions under which lines were
evaluated. Lines were evaluated under optimum,ghband low N conditions. Significant
environment X line interaction for most traits wasdesirable as it indicated different ranks
of lines in performance over the five locationse3é results are contrary to the findings by
Gissa (2008) where non-significant environment ne linteraction was reported for most
traits. Gissa (2008) evaluated maize inbred lines dwo locations, where one site was in
Harare, Zimbabwe and the other site in Bako, Efhiophe significant environment x line
interaction detected in the current study makesctien decisions difficult. The DR&SS
lines were lower yielding than CIMMYT lines for adinvironments, indicating that more
breeding efforts should be devoted at improving yiedld performance of these lines,
especially under stress environments. Neverthéhesmost critical issue is the performance

of the lines in hybrid combinations.

Knowledge of the relationship amongst different pimiogical traits in maize is critical in

designing effective selection programmes for croprovement (Gissa, 2008). Positive and
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significant correlation of grain yield with earsrggant shows that the higher the number of
ears per plant the higher the grain yield. On tligero hand, negative and significant
correlation of grain yield with root lodging is amdication that an increase in root lodging
results in reduced grain yield. Positive and nagmisicant correlation of grain yield with
plant height might be an indication that tallernéatended to have higher yield compared to
shorter ones and this might have been so in a =@ Bolanos and Edmeades (1996)
reported that correlations between grain yield anthesis silking interval were weak under
optimal conditions and strong under stress conutitiowever in this study grain yield was
negatively but non-significantly correlated with tlaesis-silking interval across all
environments. The results show that under nonssasironments anthesis-silking interval

does not have much influence on grain yield conghévestress environments.

According to Johnsoset al. (1955) heritability by itself does not give arsight as to the
amount of genetic progress that would be expedtexigh selection of superior genotypes,
but should always be considered simultaneously @it In this study five traits namely
grain yield, plant and ear height, ear position aats per plant had broad sense heritability
estimates >0.50. Results therefore suggest thé#teiuselection for these traits would be
effective for the set of lines used in this stuByngh (2005) reported that selection for a
character is fairly easy if its heritability is higbut selection may be difficult or impractical
for a character with low heritability. Lines exh#nd both high GCVs and heritability
estimates for grain yield, plant height and eaghieiGenetic coefficients in combination
with heritability estimates are expected to givieetter picture of the GA that a breeder can
expect from selection (Assef al., 1999). Therefore the traits that showed a hig@gvG
heritability and GA as percentage of the mean endiwrent study, namely grain yield, plant
and ear height and ears per plant would be ussfal laase for selection. High genetic gain
indicates that there is a better scope for seleatiotraits for genetic improvement of the

crop.

PCA further substantiated the existence of broacphwogical variation among genotypes.
Results indicated that the overall diversity contd be explained by a few eigenvectors and

these findings are in agreement with findings reggbby Gissa (2008). In that study the first
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four PCs explained 65.7% of the variation contraryhe findings by Yosepkt al. (2005)
who reported that 71.8% of the total variation i tBaditional Ethiopian highland maize
accessions was explained by the first four PCghéncurrent study variations in all traits
were dissected into 14 PCs which accounted for 16D#te variability present among lines.
However, traits such as grain yield, texture, esueat, common rust, GLS and anthesis days

were the major contributors.

A total of 14 morphological traits were used in thidy and these traits successfully
revealed the existence of considerable variakdityong the inbred lines. These findings are
in agreement with findings by other researchersaijaet al. (2009) used 28 morphological
traits to group 10 maize inbred lines, whilst Luochet al. (2003) used 32 morpho-
phenological and agronomic traits to group 204atalilint maize landraces. There were cases
in the current study where lines closely related gedigree tightly clustered together.
Therefore the dendrogram showed the resolution poWmorphological traits for grouping
maize inbred lines. However the dendrogram hada goodness of fit (r=0.70) and this
could be explained by the small number of morphigkdgraits that were used in this study.
Groupings were also sometimes in agreement witlwknloeterotic groupings. Gerdes and
Tracy (1994) successfully grouped closely relatdatad lines using morphological data in
agreement with pedigree data. However, reportsistemsly indicate that morphological
markers have shortcomings in that they are suligegirevailing environmental conditions
(Bernardo, 1992; Yosepét al., 2005). Lines related by pedigree also groupegtteer in
some cases. CML548 and CML538 clustered togethiér @ML312 and the two lines have
CML312 as one of their parents. CML442 and CM53iEred together and the two lines
share a common parent. Gissa (2008) also reportedennbred lines closely related by
pedigree clustering together using morphologiaitdr The grouping was also in some cases
in agreement with existing heterotic grouping, deample RS61P and WCOBY both belong
to SC group and N3.2.3.3 and NAWS5885 to the N3 grand these lines clustered together
in the dendrogram. Five CIMMYT lines, CML312, CML24CML545, CML537 and
CML538 belonging to group A, also clustered in shene group.
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Clustering of lines using morphological traits hist study also followed a certain pattern.
Lines clustered according to grain yield, anthdsigs, anthesis silking interval, plant height,
ear rot, GLS and ears per plant. Other authors abeereported lines clustering according to
morphological traits for example Yoseph al. (2005) reported lines clustering together
according to grain yield and plant and ear heighljlst Gissa (2008) reported lines

clustering according to plant and ear height, eamdter, number of rows per ear and leaf

area.

The 23 inbred lines were furthermore characterisg#dg SNP markers. Markers wit20%
missing values were used in this study and thistitobed 91% of the tested SNP markers.
Lu et al. (2009) eliminated SNPs with more than 20% missiata from the analysis, which
therefore suggests that SNPs with up to 20% mistatg can be safely used to produce good
results. In the 23 inbred lines 2 258 alleles wagtected at 1 129 loci with two alleles as
expected due to the bi-allelic nature of SNP markbr this study an average PIC value of
0.258 was reported and latial. (2009) reported similar results. Kagaal. (2008) reported
that generally the SNPs are biallelic and posdassriaximum PIC value of 0.50, findings
from this study are in agreement with these findirfgNP markers generally show low PIC,
hence the need to increase marker density éiLal.,, 2011). Gene diversity shows the
likelihood that two randomly selected alleles frtime test sample are different. Mean gene
diversity reported in the current study was 0.3d aimilar results on SNP markers in maize
were reported by Lt al. (2009) and Kasset al. (2012). Luet al. (2009) reported mean
gene diversity of 0.32, whilst Kassh al. (2012) reported mean gene diversity of 0.25.
Literature has revealed that SNP markers geneshtly low gene diversity (Ligt al., 2009;
Kassaet al., 2012). Nonetheless, SNP markers are gaininglpofyjuover SSR markers in
genetic diversity studies especially in maize bseanf their abundance and they have been

automated leading to significantly reduced costs.

Approximately 9.5% of markers had a minor allekjirency of less than 0.05 in the current
study, whilst Luet al. (2009) reported 8.8% of SNP markers with less th@5 minor allele
frequency and Yamt al. (2009) reported 16.3% of markers with below 0.0di@or allele
frequency. Kasset al. (2012) reported 37.7% of SNP markers with mirl@l@frequencies
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between 0.051 and 0.200 and in the current stud3?6df the markers had a minor allele
frequency of more than 0.200 with 10.9% having mialktele frequency close to 0.500. On
the other hand Liet al. (2009) reported 18.7% of the SNP markers with mialkele
frequency close to 0.500. Markers exhibiting higmeinor allele frequency values are
considered important for screening maize germplfsem diverse sources. Results from the
current study therefore suggest that SNP markerd were appropriate since more than half
of the markers had high minor allele frequency tredsources of the germplasm used were
diverse. The tested lines generally exhibited ntben 90% homozygosity except for the
four lines 2N3d, WCOBY, CML537 and ZM523B. Resudtgygest that these lines have not
reached the required level of homozygosity theeetbere exists a need to continue selfing
these lines until they reach the desired homozygbsifore they can be used in the breeding
programme. The other reason for the high levelsetérozygosity could be the purity of the
seed that was used. Low genetic purity of soméneflines might have resulted in reduced
effectiveness of SNPs in discriminating lines adomy to genetic distances as a result

clustering was generally not in agreement with kndweterotic groupings.

The dendrogram obtained from the neighbour-jointhgstering algorithm based on SNP
markers showed that all inbreds could be distirgrdsfrom each other. Two dendrograms
were presented, one with all 23 lines and anotliigr 19 lines after removal of the four lines
that had high percentages of missing data. Therdgraims showed a good fit (r=0.87 and
r=0.80 respectively). It was noted that removathef four lines did not improve clustering of
the lines, since a similar pattern was observea dverage GD amongst the inbred lines
based on Rogers’ dissimilarity coefficient was 0Q.B@licating low levels of polymorphism
in the inbreds. The GDs in the current study ranfyeth 0.108 to 0.384 and results are
similar to findings reported by other researchérs dt al., 2009; Kassat al., 2012). Luet

al. (2009) working on CIMMYT, Chinese and Braziliaraize germplasm reported genetic
distances ranging from 0.140 to 0.349 using SNFkenay whist Kasset al. (2012) working
on CIMMYT germplasm from eastern and southern Afrieported genetic distances ranging
from 0.003 to 0.450, again using SNP markers. This be explained by the fact that the
National Breeding Programme has over the years W&BIMYT germplasm in the

development of its new maize inbred lines. On tlieeio hand the National Breeding
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Programme’s heterotic grouping is based on N3 a@daBd the two lines N3.2.3.3 and
SC5522 are part of CIMMYT’s heterotic groups A aBdrespectively (Mickelsort al.,

2001). Low genetic distances could also be expthinye the fact that CIMMYT has been
mixing germplasm during the time they were emphagi®n population breeding at the

expense of hybrid breeding.

The SNP data was also subjected to PCA in ordasctertain if a better grouping of lines be
obtained. Both neighbour-joining cluster analysig #CA managed to cluster lines related
by pedigree in some cases. In the current studydktern of grouping from PCA was more
reliable than neighbour-joining clustering and $amresults were reported by Kassaal.
(2012). Although PCA grouped lines better than hleayr-joining cluster analysis, clear
differentiation according to known heterotic groupas not evident. The CIMMYT lines
used in the study could not be divided into knovetelotic groups based on SNP data. All
previous SNP and SSR data available for CIMMYT gda®sm also did not show clear
separation/grouping based on heterotic groups @&apsrsonal communication, 2011).
Kassaet al. (2012) reported that SNP data did not show deaketic differentiation of inbred
lines in group A and B as defined by maize breed@r€IMMYT. This is not entirely
unexpected because CIMMYT inbred lines are genedathwn from a pool, population, or
mixture of pools and populations (Warburtenal., 2001). Likewise the DR&SS lines did
not cluster into known heterotic groups. The 1 3P markers used in the study were the
SNPs available at K-Biosciences and they were maoessarily the required number for
studying genetic distances and this could alsoa#xphe failure of the markers to clearly
cluster the lines. In other studies more SNP markawve been used for example dal.
(2009) used 1 536 SNPs, ktial. (2011) used 1 936 SNPs whilst Kastal. (2012) used

1 536 SNPs.

The information generated in this study can be dsedelecting single cross hybrids to be
used as testers in the National Breeding Programoeording to Warburtoret al. (2005)
clusters with more than five lines may be considei@ form a good potential heterotic
group. Lines used in the current study namely RSNARW5885, CML444, ZM523A,
CML442, CML537 and CML539 are potential parents tfue drought breeding programme
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at DR&SS. Therefore the information that has bemmegated will assist breeders in selecting
parents for producing hybrids with good hybrid wigoThis will be done by crossing lines
from divergent groups. On the other hand good simgbss testers will be identified from
lines within the same group and these will therubed as female parents and they will be
crossed with male parents from another group. Wilishelp in speeding up the process of
producing and releasing drought tolerant hybrigdsctommercial production. Lines in similar
groups can also be used to develgpdpulations that can be used in recombinant inlmned
production.

As with all marker classifications, the classifioat obtained in this study is subject to
change with addition of new lines and use of ddfgrmarkers. Random sampling of lines
should be done so that there is no biasness towaedswith similar pedigrees or ancestry as
this is bound to affect the effectiveness of cliste Again genetic contamination of the
lines used should be minimised as seen in the musteidy that low genetic purity might
have contributed towards reduced effectiveness N® #harkers in clustering lines. SSR
markers have been compared with SNP markers intigesigersity studies in maize and
Joneset al. (2007) found that SNPs had a clear advantage $&ts in repeatability of
genotyping results and proportion of missing dat@awever Hambliret al. (2007) suggested
that more SNP markers were required in geneticrsityestudies compared to SSR markers.
Therefore the clustering observed in the study cabe considered to be static. However,
the data generated should assist breeders in aecisking when it comes to which hybrids
to constitute and evaluate, also considering ctlgrevailable information and experience.
Information from DNA-based markers can help in impng the efficiency of field trials
conducted for the purpose of identifying promisimgterotic patterns thereby resulting in

efficient maize breeding programmes.

5.5 Conclusions

Characterisation of maize inbred lines with the ainexploring genetic diversity is of great
importance and helps breeders in selecting supgeanplasm to be used as parents in a
breeding programme. However, DR&SS lines performpedrer than the CIMMYT lines,

especially under stress environments. Hence themMNdtBreeding Programme’s breeding
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efforts should be devoted towards increasing gy@td and other traits such as anthesis
silking interval, ears per plant, tolerance to doldiseases, ear rot and standability traits
(plant height, root and stem lodging). Lines digptha substantial amount of variability for
the studied morphological traits. The existing deneariability can therefore be exploited in
developing single cross hybrids to be used asrigsteee-way cross hybrids and synthetics.
The selected lines can also be recombined to develoycled inbred lines. Based on the
morphological traits, some inbred lines relatedobdigree grouped together, indicating that
the agronomic traits can be used for primary charaation of the maize inbred lines. In the
23 inbred lines 2 258 alleles were detected at4 1@@i each with two alleles per locus as
expected. The SNP based genetic distances wereavittwan average of 0.32 suggesting
minimal genetic variation among the CIMMYT and DR&®bred lines and the low GDs
might have been aggravated by genetic contaminafibe UPGMA clustering algorithm
grouped the inbred lines into two major groups, clhgenerally did not agree with their
pedigree records but within subgroups some linesggd according to pedigree and in some
cases lines from the same heterotic group clustergether. Results of this study revealed
that SNP markers did not consistently cluster linesording to known heterotic groups.
However, there were cases where lines related Higgee or in the same heterotic group
clustered together. Both neighbour-joining clustealysis and PCA managed to cluster
together lines related by pedigree or lines witthia same heterotic group, however PCA
proved to be more efficient than neighbour-joiniigformation generated using both
morphological data and SNP markers can be usedetterbunderstand the genetic
relationships amongst CIMMYT and DR&SS lines whishould lead to more effective

utilisation of the inbred lines in the breeding gnramme.
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CHAPTER 6

Relationships between heterosis, genetic distancasd combining ability

data in maize hybrids
Abstract
Hybrid vigour (heterosis) is critical for grain ide and is one of the crucial factors
determining growth of the hybrid seed sector inzmaSuccess of a maize hybrid breeding
programme that handles many crosses and field &wahs can be improved greatly with the
use of superior hybrid value predictors. The cursindy was done to estimate heterosis
effects among CIMMYT and DR&SS elite maize inbrete$s and to determine correlations
between GD, heterosis and SCA under optimum, droaigth low N conditions. Seventy-two
hybrids generated using a NCDII from 10 DR&SS aBdCIMMYT elite inbred lines were
evaluated across seven environments in the 200818102010/11 seasons under optimum,
low N and drought conditions. The 23 lines usedhim crosses were genotyped using SNP
markers. An average of 112.29% MPH and 76.40% HRKHewealised across environments
and this was an indication of the potential of ihiered lines for hybrid development. The
negative heterosis (-5.1% MPH and -7.4% HPH) detedbr days to anthesis indicated
earlier anthesis of hybrids compared to their patembred lines. Correlations of GDs
determined using either morphological or SNP dath feterosis under drought conditions
were too low to be of predictive value. Significguisitive correlations and regressions were
recorded for SCA with MPH, HPH amr se performance of hybrids. The HPH and MPH
also showed significant positive associations aimgal regressions along with high
coefficients of determination witper se performance of hybrids especially under drought
conditions. Results indicated that CIMMYT lines C#44, CZL03007, CML536, CML539
and CML548 can contribute to the DR&SS maize stbeseding programme. Therefore the
genetic and morphological distances were of litthgportance in predicting performance,

heterosis and SCA effects of hybrids.
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6.1 Introduction

Knowledge of heterotic groups and heterotic pattesrhelpful in plant breeding as it helps
breeders to utilise their germplasm in a more igffit and consistent manner through
utilisation of complementary lines for maximisinget outcomes of a hybrid breeding
programme. The choice of parents is extremely itgmorin the production of hybrids and
hybridisation itself does not result in hybrid vigp hence heterosis depends on the genetic
background of parents. Heterosis is defined asirtipgoved performance of hybrids and
shows the advantage of hybrid performance compartdthe parental lines from which
they were constituted (Hallauetral., 2010). Precise information on the relationstepagen
maize inbred lines is critical for their identifican and manipulation of heterotic patterns in
germplasm pools (Livingt al., 1992). The idea of heterotic grouping was ifitiastablished
by maize researchers who observed that inbred lir@s different populations had a
tendency to produce greater performing hybrids whesssed with inbred lines from
different groups (Hallauest al., 2010).

Hallaueret al. (2010) defined a heterotic group as a group t&rialated or unrelated inbred
lines from a similar or diverse population, whidhows a comparable combining ability
when hybridised with inbred lines from another pagon. The Zimbabwe national maize
breeding programme uses two heterotic groups na®€land N3, whilst CIMMYT uses
heterotic groups A and B. The SC grouping is edaivato the B grouping, whilst the N3
grouping is equivalent to the A grouping. Genotypéthin a group will usually show no or
little heterosis when crossed to each other becthese are generally genetically closely
related but there are exceptions to this rule. Higterosis from germplasm derived from
within a heterotic group has been observed in sex@eriments (Vasakt al., 1999).
Heterotic groups thus generally represent broadcssuof germplasm, which exhibit
optimum heterosis when crosses are made betweempgriéleterosis estimation is thus
important in maize breeding in order to identife thest combinations of progenitors to form
potential hybrids and to study gene action.

Breeding approaches in maize have been establishbdnefit from expression of hybrid

vigour in inbred line crosses. Hybrid productiorpkits the phenomenon of heterosis. The
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search for high yielding varieties in Zimbabwe nedizeeding programmes saw a major shift
from OPV to hybrid development in the early 193Bsnbabwe maize breeding has been a
success story over the years with hybrids beingeldged for both small scale and
commercial production. According to Mashingaidz8Q&) commercial adoption of hybrids
in terms of area planted increased from 22% (19)U588% (1960/61) and 93% (1966/67).
Adoption was, however, slower in communal landoteeindependence. The Mangwende
communal area for instance had a hybrid adoptio#28b in 1975 but by 1985 it stood at
99% (Mashingaidze, 2006). Currently 90% of the ltqteoduction area (in both the
commercial and communal sector) is planted to lgowith the remainder being planted to
other products such as OPVs, synthetics and retysked. The National Breeding
Programme uses introductions from CIMMYT and otleeeding programmes to take
advantage of genetic diversity. The level of gendtversity between genotypes is usually
unknown and the only alternative is to investigétehrough development of crosses
(Hallaueret al., 2010). If a cross between two parents exhibigh eterosis it is usually
determined that the two genotypes are geneticadiyerdiverse than two genotypes that show

slight or no heterosis in their crosses.

Since heterosis inifprogeny is determined by genetic diversity of thered parents, the
usual method of selecting parents only on the liddiseir performance and adaptation under
different environments does not lead to significeglection results (Allard, 1960). Therefore
in selecting ideal parental lines for a hybridigatiprogramme, information on GD,
combining ability and heterotic patterns is vitBeCk et al., 1990). Hybrid performance has
been predicted using GD and the effectiveness efpttediction was better with crosses
amongst inbred lines from the same heterotic grtwm in crosses amongst inbred lines
from diverse heterotic groups (Melchinger, 199%v@&al investigators have used GD to
predict hybrid performance (Cheretsal., 2000; Betraret al., 2003; Dhliwayoet al., 2009;
Devi and Singh, 2011; Georg® al., 2011). Some investigators have reported sigmtic
association between marker based GD and heterostse( al., 1989; Smithet al., 1990;
Melchingeret al., 1992; Betraret al., 2003; Amorimet al., 2006; Srdict al., 2007; George
et al., 2011), whilst others have reported non-signiftcar no association (Balestet al.,
2008; Legesset al., 2008; Dhliwayoet al., 2009; Devi and Singh, 2011). Therefore the
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application of molecular markers in maize is nataaosive. The study was done to i) assess
the validity of known heterotic groups, ii) estimdteterosis effects among CIMMYT and
DR&SS maize inbred lines and iii) estimate corielsd between GD, heterosis and SCA

under optimum, drought and low N environments.

6.2 Materials and methods

6.2.1 Germplasm
Seventy-two single cross hybrids and 23 parentaienh lines were evaluated for agronomic
performance in a total of 14 sites in 2009/10 a@#l0211 seasons. Details of parental lines

are given in section 3.2.1.

6.2.2 Sites
The site details are given in sections 3.2.2 aB®4The details of the measured and derived

traits are as described in Table 3.3.

6.2.3 DNA extraction and SNP genotyping
Details of DNA extraction and SNP genotyping aneegiin sections 5.2.4 and 5.2.5.

6.2.4 Statistical analysis
ANOVA was performed for individual and across sitessng the PROC MIXED procedure
from SAS (SAS Institute, 2002). Varieties were take fixed effects. The means were used
for SCA estimation. Line x tester analysis was useglstimate SCA effects for hybrids in all
environments and across environments.
Mid-parent heterosis (MPH) was calculated as:
MPH = [(F. — MP)/MP] x 100
Where: I = Mean of the Fhybrid performance

MP = (R + P)/2 in which R and B are the means of the inbred parents

respectively

High-parent heterosis (HPH) was calculated as:
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HPH = [(R-HP)/HP] x 100
Where: HP = Mean of the better parent
GCA and SCA effects were estimated according t@lsand Chaudhary (1977) using the
following formulae:
GCA effects for lines:
g X.../tr — x.../1tr
GCA effects for testers:
G X /lr = x...[tr
SCA effects:
iS= Xi./r — X.../tr = X /lr = X/t
Where: | = number of lines
t = number of testers
r = number of replications
S.E.(g—g) line = (2MJ/r x t)*
S.E. (g- g) tester = (M1 x r)”
S.E. (§- ) = (2M/r)”

GDs for SNP data were calculated from allele fregiess using Powermaker version 3.25
(Liu and Muse, 2005) as described in section 5.Réans per environment and across
environments were used to calculate Pearson ctomlaoefficients (r) between GD,  F
grain yield, mid-parent (MP), high-parent (HP), MPHPH and SCA using SPSS version
15.0 for Windows (2006). Morphological traits werged for computing Euclidean distances
in SPSS version 15.0 for Windows (2006) as desdnbeection 5.2.6.

6.3 Results

The means presented in this chapter are for thee$0and 10 poorest hybrids in terms of

SCA effects and data for all crosses is presenmtdtiea appendices section (Appendices 11
and 12) for better presentation. Also to note & the mean values, minimum and maximum

values presented in the different tables are ferefitire data set and not only for the crosses

presented.
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6.3.1 Grain yield, specific combining ability andmid- and high-parent heterosis across
all environments
The average MPH and HPH across all environments W&2.29% and 76.40% respectively.
Hybrid L5 (2N3d) x T1 (CML395) had the best SCA esffs of 0.86 but it was not
necessarily the best in terms of mean grain yMigdH and HPH (Table 6.1). L3 (RS61P) x
T9 (CML444) had the highest mean vyield of 4.78t bat did not have the highest heterosis
values. The GD between these two lines was 0.27(NAW5885) produced crosses with
high mean yields as well as high MPH. SC5522 (Lrégpced two crosses with high positive
SCA effects of 0.77 and 0.75 respectively but th@ssses had mean yields of below 3.0 t
ha' and MPH of 140.92% and 140.17% respectively. Tihis also produced a cross with
CZL03007 which had the highest MPH (237.58%) (datbishown) and the GDs between
the respective parental lines were above averagé2Kba) x T11 (CML548), L1 (K64r) x
T3 (CML539) and L4 (NAW5885) x T6 (CZL03007) had MPand HPH values above
100%. L6 (2Kba) x L9 (CML444) had the lowest MPH2#.20% and the lowest negative
HPH of -11.19%. MPH and HPH for the 10 hybrids whibst SCA effects across all
environments are presented graphically in Figufe BThere was no significant difference
between MPH and HPH values for L3 (RS61P) x T9 (@¥W). L7 (SC5522) x T1
(CML395) and L7 (SC5522) x T10 (CML536) had high MRalues compared to the HPH
values, whilst L6 (2Kba) x T11 (CML548), L1 (K64x)T3 (CML539) and L4 (NAW5885)
X T6 (CZL03007had high MPH and HPH values. L5 (2N3d) x T1 (CMLB@Bspite having
the highest SCA value (Table 6.1) had the secomegeso MPH amongst the 10 hybrids
(Figure 6.1).
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Table 6.1 Hybrid mean grain yield, specific combimg ability, mid- and high-parent
heterosis and genetic distance across all environmis

Hybrid GYD(tha™) SCA MPH (%) HPH (%) GD
L5/T1 2.43 0.86 88.41 74.60 0.34
L3/T9 4.78 0.79 93.18 91.31 0.27
L7/T1 2.29 0.77 140.92 27.03 0.34
L7/T10 2.34 0.75 140.17 53.92 0.36
L6/T11 4.13 0.68 166.80 136.08 0.35
L4/T4 4.22 0.51 159.25 32.09 0.32
L1/T3 3.93 0.50 175.72 132.76 0.33
L1/T7 4.06 0.50 88.07 56.05 0.36
L4/T6 4.06 0.47 195.02 147.91 0.29
L1/T5 3.86 0.36 124.83 78.79 0.31
L2/T11 3.45 -0.44 80.19 37.15 0.36
L5/T5 2.28 -0.45 88.41 74.60 0.20
L5/T7 1.99 -0.50 73.36 53.20 0.33
L4/T11 3.35 -0.50 77.91 28.69 0.32
L4/T3 3.16 -0.52 111.97 75.22 0.29
L8/T1 211 -0.54 87.20 62.14 0.33
L3/T4 3.64 -0.65 69.65 60.94 0.30
L8/T3 2.97 -0.76 127.62 74.99 0.32
L1/T6 2.52 -0.81 89.94 60.51 0.33
L6/T9 2.10 -0.92 22.20 -11.19 0.33
Mean 4.00 0.008 112.29 76.40 0.31
Min 2.29 -0.92 22.20 -11.19 0.20
Max 5.31 0.86 237.58 181.71 0.37

GYD=Grain yield; SCA=specific combining ability; MPH=mid parent heterosis; HPH=high parent heterosis;GD = genetic
distance; L1= K64r; L2=N3.2.3.3; L3=RS61P; L4=NAW585; L5=2N3d; L6=2Kba; L7=SC5522; L8=RA214P; T1=CML3®5;
T3=CML539; T4= CML442; T5=CML537; T6=CZL03007; T7=CML545; T9=CML444; T10=CML536; T11=CML548 ;
Min=minimum; Max=maximum.

The R means were higher than the parental means fot pkight, ear height and ears per
plant across all environments (Table 6.2). Anthesiys had negative MPH and HPH values
as shown by the minimum and the maximum values. Aihieybrids showed considerable
heterosis for both plant and ear height. The mimmand maximum hybrid values for plant
height and ear height were higher than the pareataks. Ears per plant had mean heterosis
values of less than 10% for both HPH and MPH respeg. The minimum MPH and HPH
for ears per plant were both negative but the marimvalues were 86.72 and 71.45

respectively.
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Figure 6.1 The high- and mid-parent heterosis fol0 selected hybrids across all

environments.

L1=K64r; L3=RS61P; L4=NAWS5885; L5=2N3d; L6=2Kba; L7=SC5522; T1=CML395; T3=CML539; T4=CML442;
T5=CML537; T6=CZL03007; T7=CML548; T9=CML444; T10=CML536; MPH=mid-parent heterosis; HPH=high-

parent heterosis.

Table 6.2 F, parental, mid- and high-parent heterosis means foanthesis days and

other agronomic traits across all environments

AD PH EH EPP
F1 mean 67.5 259.9 1254 0.53
Min 63.€ 209.7 96.2 0.4¢€
Max 72.7 291.1 156.3 0.94
Parental mean 71.2 163.3 82.1 0.48
Min 68.2 129.¢ 65.% 0.4
Max 75.9 195.6 97.3 0.55
MPH mean -5.1 59.9 53.3 9.80
Min -9.7 28.¢ 15.¢ -4.1z2
Max -1.2 80.0 58.5 86.72
HPH meal -7.4 49.¢ 42.1 4.80
Min -14.5 10.3 4.1 -12.84
Max -2.7 76.1 71.4 71.45

MPH=mid-parent heterosis (%); HPH=high-parent heterosis (%); AD=anthesis days; PH=plant height (cm); B=ear height (cm);

EPP=ears per plant (#); Min=minimum; Max=maximum.

Under optimum conditions the parental mean wasdrigian the Fmean for anthesis days
indicating that hybrids flowered earlier than trergntal lines (Table 6.3). Both MPH (-5.1)

and HPH (-3.5) for anthesis days were negative. Fjhmean for plant height was higher
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than the parental mean and positive MPH and HPH wbserved. Ear height means for both
F1 and parental lines were similar, but positive heis was observed for the trait. Negative
MPH and HPH means were observed for ears per plahthe minimum and maximum F
values were lower than the parental minimum andimam values. However the maximum

values for both MPH and HPH were positive.

The R means for anthesis days were lower than the gdrergans under both low N and
drought conditions (Tables 6.4 and 6.5). NegativeHVand HPH means were observed
under both conditions, however maximum values f&Hvand HPH were positive under low
N and under drought conditions only HPH was positiRositive MPH and HPH for plant
and ear height were realised under both low N andght conditions. The;fnean for ears
per plant was higher than the parental mean urmdemN conditions and positive MPH and
HPH means were realised. The minimum values fon b&PH and HPH for ears per plant
under low N conditions were negative, however higgximum values of 349.3 and 311.2
respectively were observed. Under drought conditiBrmean for ears per plant was lower
than the parental mean, but the maximupnv&ue was higher than the parental maximum
value. A positive MPH mean (1.80) was realised tedlHPH mean (-7.90) was negative.
The minimum values for both MPH and HPH were negaliut high maximum values were

realised.

6.3.2 Mean grain yield, specific combining ability mid- and high-parent heterosis
under optimum conditions

The minimum grain yield was 2.91 t"hand the maximum was 6.79 thd 5 (2N3d) x T1

(CML395) and L3 (RS61P) x T9 (CML444) were the bspecific combinations under

optimum conditions (0.99) in terms of the SCA efi§eTable 6.6). However, they were not

the best in terms of grain yield as well as MPH &fH. MPH ranged from 16.91% to

253.53% whilst HPH ranged from -9.21% to 162.7%g@pdix 11).
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Table 6.3 R, parental, mid- and high-parent heterosis means foanthesis days and

other agronomic traits under optimum conditions

AD PH EH EPP
F1 mea 67.7 161.t 80.4 0.94
Min 63.8 124.9 61.9 0.66
Max 73.1 200.9 98.9 1.18
Parental mean 70.3 160.9 80.9 1.00
Min 66.7 129.¢ 65.2 0.84
Max 75.9 195.6 80.9 1.48
MPH mean -5.1 59.1 57.8 -6.00
Min -11.C 18.¢ 9.€ -43.1(
Max 1.2 82.4 99.1 2041
HPH mean -3.5 57.1 56.9 -13.70
Min -8.1 23.¢ 9.5 -56.6(
Max 1.8 109.3 102.4 10.70

MPH=mid-parent heterosis (%); HPH=high-parent heterosis (%); AD=anthesis days; PH=plant height (cm); B=ear height (cm);

EPP=ears per plant (#); Min=minimum; Max=maximum.

Table 6.4 R, parental, mid- and high-parent heterosis means foanthesis days and

other agronomic traits under low nitrogen conditiors

AD PH EH EPP
F1 mean 72.9 217.0 77.9 0.67
Min 69.2 177.5 58.2 0.3¢€
Max 78.t 268.¢ 98.2 0.94
Parental mean 77.1 106.8 40.4 0.41
Min 70.8 93.0 32.2 0.15
Max 85.6 135.1 53.6 0.80
MPH meal -6.€ 99.2 90.C 79.6(
Min -16.€ 39.t 19.7 -37.7(
Max 5.6 141.1 183.8 349.30
HPH mean -6.0 93.9 79.3 49.30
Min -18.7 26.5 -15 -45.80
Max 9.7 139.8 188.8 311.20

MPH=mid-parent heterosis (%); HPH=high-parent heterosis (%); AD=anthesis days; PH=plant height (cm); B=ear height (cm);

EPP=ears per plant (#); Min=minimum; Max=maximum.
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Table 6.5 R, parental, mid- and high-parent heterosis means foanthesis days and

other agronomic traits under managed drought condibns

AD PH EH EPP
F1 meal 96.4 223.7 109.: 0.77
Min 88.4 166.¢ 66.£ 0.1C
Max 104.¢ 260.: 148.% 1.4¢
Parental mean 1055 174.9 85.6 0.81
Min 97.9 138.9 46.9 0.41
Max 117.7 227.5 129.6 1.26
MPH meal -9.9 26.¢ 27.t 1.8C
Min -18.€ -10.€ -21.€ -87.2(
Max -2.1 58.¢ 105.¢ 137.4(
HPH mean -9.7 35.2 44.9 -7.90
Min -21.7 -8.7 -19.5 -88.40
Max 9.4 81.8 186.7 163.90

MPH=mid-parent heterosis (%); HPH=high-parent heterosis (%); AD=anthesis days; PH=plant height (cm); B=ear height (cm);
EPP=ears per plant (#); Min=minimum; Max=maximum.

L7 (SC5522) x T6 (CZL0O3007had the highest MPH of 253.53% and L1 (K64r) x T2
(CML312) had the highest HPH of 162.77%. L3 (RS&IF (CML444), L1 (K64r) x T3
(CML539), L8 (RA214P) x T8 (CML538), L4 (NAW5885) &6 (CZL03007)L2 (N3.2.3.3)

X T9 (CML444), L8 (RA214P) x T6 (CZL03007) and LR3.2.3.3) x T6 CZL03007 had
high values above 100% for both MPH and HPH.

6.3.3 Mean grain yield, specific combining ability mid- and high-parent heterosis
under low nitrogen conditions

The mean grain yield, SCA, MPH, HPH and GD for liyérids under low N conditions are
presented in Table 6.7. L5 (2N3d) x T1 (CML395) vegmin the best specific combination
under low N conditions with a HPH value of 126.6286number of hybrids had negative
MPH and HPH values, however there are some thahiggdheterosis values for example L1
(K64r) x T2 (CML312) had the highest MPH of 273.748td L6 (2Kba) x T5 (CML537)
had the highest HPH value of 155.50% (Appendix 12).

6.3.4 Mean grain yield, mid- and high-parent hetavsis and specific combining ability
under drought conditions

The MPH and HPH minimum values were negative butimam values of 180.61% and

162.07% respectively were recorded for the hyb®d(2N3d) x T11 CML548 (Table 6.8).
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The hybrid also had the highest grain yield of 3.p&". L5 (2N3d) x T9 (CML444) was the
best specific combination but had low MPH and aateg HPH. L8 (RA214P) x T3
(CML539) was the poorest yielder with 0.59 t'haccompanied by lowest MPH and HPH
values of -65.23% and -74.83% respectively. L4 (NB885) x T6 (CZLO3007jas the

poorest specific combiner with an SCA value of 71.0

Table 6.6 F mean grain yield (t ha), specific combining ability, mid- and high-parent

heterosis and genetic distance under optimum condins

Hybrid F1 GYD SCA MPH HPH GD
L5/T1 3.66 0.99 76.68 61.49 0.34
L3/T9 6.42 0.99 124.14 155.18 0.27
L1/T3 5.5¢ 0.94 173.1¢ 131.7¢ 0.3¢
L7/T10 2.95 0.84 136.19 49.48 0.36
L7/T1 3.10 0.83 134.68 40.44 0.34
L8/T8 6.16 0.76 156.75 127.89 0.26
L6/T12 3.72 0.74 133.05 89.06 0.33
L6/T6 5.28 0.72 123.93 81.66 0.34
L4/T6 5.85 0.70 175.41 130.06 0.29
L2/T9 6.05 0.67 187.98 151.43 0.33
L8/T6 6.09 -0.54 153.83 144.65 0.29
L5/T11 3.79 -0.55 97.91 66.71 0.35
L2/T6 4.84 -0.55 143.84 116.91 0.32
L4/T8 4.81 -0.57 105.21 60.11 0.31
L4/T9 4.47 -0.6¢ 125.1: 84.8¢ 0.2¢
L5/T7 3.24 -0.71 85.74 73.83 0.33
L6/T9 3.23 -0.86 49.51 19.32 0.33
L1/T6 3.45 -0.97 72.36 47.44 0.33
L8/T3 4.32 -1.05 94.20 85.41 0.32
L3/T4 4.29 -1.10 48.63 59.10 0.30
Mean 5.1¢ 0.0¢ 117.3¢ 85.2¢ 0.31
Min 291 -1.10 16.91 -9.21 0.20
Max 6.79 0.99 253.53 162.77 0.37

GYD=grain yield (t ha); SCA=specific combining ability; MPH=mid-parent heterosis (%); HPH=high-parent heterosis;
GD=genetic distance; Min=minimum; Max=maximum; L1=K64r; L2=N3.2.3.3; L3=RS61P; L4=NAWA5885; L5=2N3d; L&2Kba;
L7=SC5522; L8= RA214P; T1=CML395; T3=CML539; T4=CML442; T6=CZL03007; T7=CML545; T8=CML538; T9=CML444;
T10=CML536; T11=CML548.

6.3.5 Heterotic grouping in relation to field heteosis

Mean MPH and HPH for across all environments, kndwterotic groupings and grouping
according to SNP markers are presented in TableTB®DR&SS N3 grouping is equivalent
to CIMMYT A grouping, whilst SC is equivalent to BMYT B grouping. The grouping

according to SNP markers was in some cases camsigith the known heterotic grouping,
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e.g. L5 (2N3d) and T5 (CML537) are in a similar Wwmoheterotic grouping (N3 and A) and
the SNP markers grouped them into the same grogpré=5.7). The hybrid had moderate
MPH (88.41) and HPH (74.60) and its mean yield s&renvironments was 4.05 t'hd.6
(2Kba) and T11 (CML548) are in different known hetee groups (SC and A respectively)
and the grouping was consistent even based on Sitkers. The cross between these two
lines exhibited high MPH and HPH of 166.8% and 0866 respectively (Table 6.9).

Table 6.7 R mean grain yield (t ha'), specific combining ability, mid- and high-parent

heterosis and genetic distance under low nitrogeroaditions

Hybrid F.GYD SCA MPH HPH GD
L5/T1 4.5¢ 0.7¢ 66.6¢ 126.6: 0.3¢
L1/T4 1.60 0.73 142.85 556.71 0.27
L7/T1 2.97 0.67 95.24 48.38 0.34
L3/T3 5.35 0.66 90.32 92.37 0.30
L3/T9 4.5¢ 0.4¢ 52.8i 46 .45 0.27
L7/T10 2.69 0.47 132.01 110.26 0.36
L4/T6 3.10 0.45 170.81 126.34 0.29
L2/T5 3.76 0.43 46.20 106.45 0.35
L8/T8 3.16 0.43 -18.45 2.07 0.26
L6/T5 3.83 0.41 148.86 155.50 0.35
L1/T6 2.02 -0.39 15.00 -12.28 0.33
L5/T3 2.51 -0.41 -17.4¢ -7.6¢ 0.34
L3/T5 3.6¢ -0.41 69.7¢ 145.6: 0.34
L3/T6 2.39 -0.45 13.51 68.26 0.27
L2/T1 2.68 -0.50 -4.93 34.04 0.35
L6/T9 0.94 -0.53 -59.76 -69.63 0.33
L3/T4 3.27 -0.5¢ 21.2¢ 28.1f 0.3C
L4/T8 1.89 -0.56 -6.15 -39.15 0.31
L4/T5 1.95 -0.57 61.15 30.07 0.34
L8/T3 1.76 -0.64 -52.81 -36.86 0.32
Mean 2.90 0.01 33.09 25.73 0.31
Min 0.94 -0.64 -66.25 -71.92 0.20
Max 5.3t 0.7¢ 273.7¢ 155.5( 0.37

GYD=grain yield (t ha™); SCA=specific combining ability; MPH=mid-parent heterosis (%); HPH=high-parent heterosis (%);
GD=genetic distance; Min=minimum; Max=maximum; L1=K64r; L2=N3.2.3.3; L3=RS61P; L4=NAW5885; L5=2N3d; L&2Kba;

L7= SC5522; L8=RA214P; T1=CML395; T3=CML539; T4=CML442; T5=CML537; T6=CZL03007 T8=CML538; T9=CML444;
T10=CML536.

L1 (K64r) and T3 (CML539) clustered into separateugps using SNP markers and their
cross exhibited high heterosis even though theyewvirersimilar (N3 and A respectively)
heterotic groups. L4 (NAW5885) x T6 (CZL03007) ah@ (2Kba) x T11l (CML548)

grouped both into separate heterotic groups and@Mfers had crosses with high heterosis.
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Table 6.8 Hybrid F; grain yield (t ha'), mid- and high-parent heterosis, specific

combining ability and genetic distance under droughconditions

Hybrid GYD MPH HPH SCA GD
L5/T9 1.99 7.3¢ -19.1¢ 1.1€ 0.2¢
L4/T5 2.28 66.61 22.08 0.79 0.34
L5/T11 3.26 180.61 162.07 0.79 0.35
L3/T3 251 13.43 7.54 0.78 0.30
L4/T4 301 64.31 60.83 0.66 0.32
L6/T7 215 7.02 6.58 0.64 0.36
L2/T7 241 28.5: 20.3¢ 0.62 0.3¢
L8/T5 2.03 111.66 94.05 0.58 0.34
L4/T8 2.04 6.15 3.43 0.53 031
LL/T7 2.79 35.48 31.75 0.50 0.36
L1/T12 228 18.71 7.48 -0.56 0.33
L4IT? 191 -1.10 -4.33 -0.59 0.32
L2/T8 171 -7.8¢ -13.1( -0.6( 0.3¢
L6/T9 1.40 -37.63 -43.27 -0.69 0.33
L3/T4 265 36.75 27.00 -0.74 0.30
L8/T1 1.36 1.14 -17.45 -0.76 0.33
L8/T3 059 -65.23 -74.83 -0.77 0.32
L5/T4 1.95 28.30 8.75 -0.80 0.34
L2/T5 1.98 51.5( 13.2¢ -0.87 0.3t
L4/T6 1.92 6.62 2.65 -1.07 0.29
Mean 2.0¢ 26.0¢ 10.3¢ 0.0C 0.31
Min 0.59 -65.23 -74.83 -1.07 0.20
Max 3.26 180.61 162.07 1.16 0.37

GYD=grain yield (t ha™); MPH=mid-parent heterosis (%); HPH=high-parent heterosis (%); SCA=specific combining ability;
GD=genetic distance; Min=minimum; Max=maximum; L1=K64r; L2=N3.2.3.3; L3=RS61P; L4=NAWA5885; L5=2N3d; L&2Kba;
L8=RA214P;T1=CML395;T3=CML539;T4=CML442;T5=CML537;T 6=CZL03007;

T7=CML545; T8=CML538; T9 =CML444; T11=CML548; T12=CZL052.

Two crosses L1 (K64r) x T5 (CML537) and L4 (NAW5885T3 (CML539) exhibited high
MPH and yet the parental lines clustered into singroups using SNP markers and they had
similar (N3 and A) heterotic groupingd. number of crosses between lines from similar
known heterotic groups exhibited high MPH and theselL7 (SC5522) x T1 (CML395), L4
(NAW5885) x T4 (CML442), L1 (K64r) x T3 (CML539), 1 (K64r) x T5 (CML537), L4
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(NAW5885) x T5 (CML537), L4 (NAWS5885) x T3 (CML53%nd L8 (RA214P) x T3
(CML539). Some crosses such as L7 (SC5522) x TIHILE36), L6 (2Kba) x T11
(CML548) and L4 (NAW5885) x T6 CZL03007 constitugiof lines from known different
heterotic groups exhibited high MPH. L6 (2Kba) ar@l (CML444) are in similar known
heterotic groups (SC and B) and although SNP margesuped them into separate groups
they exhibited low MPH and negative HPH.

Table 6.9 Mid- and high-parent heterosis for hybrds as well as known heterotic

groupings and grouping according to single nucleatie polymorphism

markers
Hybrid Known heterotic group Grouping according to SNP marker: Field heterosis
P, P, P P, MPH HPH

L5/T1 N3 B b b 88.41 74.6(
L3/T9 scC B I Ila 93.18 91.31
L7/T1 e B Iha b 140.92 27.03
L7/T10 scC A Ila Ila 140.17 53.92
L6/T11 sc A b Iha 166.80 136.08
L4/T4 N3 A Ic b 159.25 32.09
L1/T3 N3 A b nc 175.7. 132.7¢
L1/T7 N3 A b Ita 88.07 56.05
L4/T6 N3 B lc I 195.02 147.91
L1/T5 N3 A b b 124.83 78.71
L4/T5 N3 A Ic b 112.72 65.96
L2/T11 N3 A b Ita 80.19 37.15
L5/T5 N3 A b b 88.41 74.6(
L5/T7 N3 A b Iha 73.36 53.20
L4/T11 N3 A Ic Ila 77.91 28.69
L4/T3 N3 A Ic e 111.97 75.22
L8/T1 N3 B b b 87.20 62.14
L3/T4 e A I b 69.65 60.94
L8/T3 N3 A b nc 127.6: 74.9¢
L1/T6 N3 B b ! 89.94 60.51
L6/T9 SC B b Ila 22.20 -11.19

P,=parent 1; P,=parent 2; MPH=mid-parent heterosis; HPH=high-parert heterosis; L1=K64r; L2=N3.2.3.3.; L3=RS61P;
L4=NAW5885; L5=2N3d; L6=2Kba; L7=SC5522; L8=RA214P; T1=CML395; T3=CML539; T4=CML442; T5=CML537;
T6=CZL03007; T7=CML545; T9=CML444; T10=CML536; T11=CML548.

6.3.6 Correlation between genetic distance, spaciftombining ability, high- and mid-
parent heterosis and k grain yield
There was a non-significant correlation of GD wihgrain yield, SCA, MPH and HPH

across all environments, under optimum and low Ndd®mns (Table 6.10). Under drought
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conditions GD was positively and significantly cadated withper se performance of hybrids
(0.38) and HPH (0.37). Pearson’s rank correlatmmnSCA effects with Fgrain yield across
all environments (0.31) and under drought (0.42)ewsgnificantly positive at £0.01 and
under optimum conditions (0.24) was significantbsjiive at R0.05. SCA correlation was
non-significant with E grain yield under low N conditions. MPH was positi and
significantly correlated with fgrain yield across all environments (0.36), optim(0.46)
and drought (0.72) conditions and the correlaticas wot significant again under low N
conditions. Highly significant and positive corritas were realised between HPH and F
grain yield across all environments (0.57), undetinroum (0.76), drought (0.77) and low N
conditions (0.64). MPH and HPH were significanttyrelated with SCA in all environments

except under low N.

All the 72 single cross hybrids were used in cartdion of Figures 6.2 to 6.6. The linear
regression oper se performance of §§ on HPH and MPH was significant witlf Ralues of
0.59 and 0.52 respectively (Figure 6.2). SCA alsialdished significant positive
associations as well as linear regressions with lR&H MPH (Figure 6.3) and witber se
performance of hybrids (Figure 6.4). The linearresgions of GD on HPH, MPH and SCA
were not significant with Rvalues of 0.02 for both HPH and MPH and 0.008 $S@A
(Figures 6.5 and 6.6).
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Table 6.10

environments

Average mid- and high-parent heterosisand correlation among Fk grain yield, mid- and high-parent

heterosis and specific combining ability for all hyrids across all environments, optimum, drought andlow nitrogen

Environment

Average MPH Average HPH r(F, SCA) r(Fy, MPH) r(F 1, HPH) r(SCA, HPH) r(SCA, MPH) r(SCA, GD) r(F ., GD) r(HPH, GD) r(MPH, GD)
All environment: 112.2¢ 76.7% 0.31* 0.36** 0.57* 0.31* 0.48** 0.0¢ -0.0zZ 0.1z 0.1€
Optimum 117.39 85.29 0.24* 0.46** 0.76** 0.25* 037 0.08 -0.06 -0.07 0.02
Drought 26.08 10.34 0.42** 0.72* 0.77* 0.38** 073+ 0.06 0.38** 0.37* 0.08
Low N 72.41 25.73 0.08 0.04 0.64** -0.07 -0.07 .0 -0.01 -0.01 0.14
**P <0.01; *P<0.05; MPH=mid-parent heterosis; HPH=high-parent heerosis; SCA=specific combining ability; k=grain yield (t ha™) for hybrids; GD =genetic distance; r=Pearson’s
coefficient of correlation.
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Figure 6.2 Relation of per se performance of hybrids with high- and mid-parent

heterosis under drought conditions.

MPH=mid-parent heterosis; HPH=high-parent heterosis
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Figure 6.3 Relation of specific combining abilitywith high- and mid-parent heterosis

across all environments.
MPH=mid-parent heterosis; HPH=high-parent heterosis SCA=specific combining ability.
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Figure 6.4 Relation of specific combining ability vith per se performance of hybrids.
SCA=specific combining ability.
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Figure 6.5 Relation of genetic distance with highand mid-parent heterosis across all

environments.
MPH=mid-parent heterosis; HPH=high-parent heterosis
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Figure 6.6 Relation of genetic distance with spedif combining ability across all

environments.
SCA=specific combining ability.

6.4 Discussion

Presence of a reasonable magnitude of heterosggdor yield and related traits is critical in
any hybrid breeding programme. The degree of hsiteie therefore determined by genetic
diversity that exists within the germplasm beingdisThe average degree of MPH and HPH
ranged from 26.08% and 10.34% in drought envirortméa 117.39% and 85.29% in
optimum environments. The expression of heterosis greater under optimum than stress
conditions. This could be explained by the fact tG8VMMYT inbred lines used as testers
were bred for tolerance to stress conditions sp tleded to perform well, thereby resulting
in an increase in parental and better parent mé&esults are contrary with results reported
by Betranet al. (2003) and Georget al. (2011) who reported higher MPH and HPH values
under severe stress than under non-stress envimsnusing tropical germplasm and
CIMMYT South America maize programme germplasmpeesively. In the current study
intermediate drought stress was applied whereasaBett al. (2003) applied both

193



intermediate and severe drought stress and iniaddite materials evaluated and the sample
size was different. Most parents showed positivéerosis for grain yield across all

environments, indicating the existence of substhheterosis in hybrids.

When all crosses were considered across all enveats for grain yield MPH averaged
112.29% and HPH 76.40%. These values are higher ttise reported by Legesaeal.
(2008) (MPH mean ranging between 0.9% and 77.2%)ldwer than those reported by
Betranet al. (2003) (MPH 171% and HPH 132%). Grain yield ip&cted to show higher
levels of hybrid vigour compared to other traits iahas been suggested that it is a
multiplicative trait that draws variation from oth&aits (Williams, 1959; Lippman and
Zamir, 2007). Therefore it is assumed that lowdues of heterosis detected for other traits
may interrelate in a non-linear manner to createebéeterosis levels for yield (Flint-Garcia
et al., 2009). The levels of heterosis observed in 8tigdy indicate that there is an
opportunity of using the germplasm for developindprid varieties suitable for stress and
non-stress environments. Lines L1 (K64r), L2 (N3.3), L3 (RS61P), L4 (NAW5885) and
L7 (SC5522) and testers T3 (CML539), T9 (CML444y a6 (CZL03007) were identified
as good parental lines for producing hybrids fon-stress environments. On the other hand
L3 (RS61P), L4 (NAWS5885), L5 (2N3d), T11l (CML548J,6 (CZL03007) and T10

(CML536) were identified as potential parental $irfer producing stress tolerant hybrids.

Hybrids showed negative MPH and HPH for anthesys adédth averages of -5.1% and -7.4%
respectively. These results were desirable aglitated that hybrids were earlier in anthesis
than their inbred parents and similar results weparted by Gissa (2008). Due to increasing
unpredictability of global weather patterns, esplgiamount of rainfall and its distribution,
use of early maturing varieties has become a besttategy for farmers to reduce risks
associated with drought. Early maturing maize pesioptions concerning inter-crops, relay
crops, late planted crops, drought avoidance anlieeaarvesting (CIMMYT-Zimbabwe,
2000). Moderately high positive MPH and HPH for nilaand ear height indicate the
superiority of dominance effects among the pareithted lines for taller plant height
(Gissa, 2008). In the current study mean MPH anHi i plant height (59.9% and 49.9%)

and ear height (53.3% and 42.7%) were reportedsaniar results were reported by Gissa
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(2008) and Legesset al. (2008). Gissa (2008) reported mean MPH and H&Hpfant
height (57.1% and 46.8%) and ear height (62.6%488%), whilst Legesset al. (2008)
reported MPH values for plant height ranging betw#@.6% and 37.8%. Positive MPH and
HPH values for ears per plant reported in this\studre also ideal as it is an indication that
hybrids are more prolific than their inbred parents

Heterotic groups have been extensively used tcarsiiee maize breeding (Tracy and
Chandler, 2006). The predefined heterotic groupofdies did not consistently predict the
performance of hybrids e.g. L5 (2N3d) in the N3ugraand T1 (CML395) in the B group
displayed low MPH (88.41%) and HPH (74.60%) meand this was also true for L8
(RA214P) in N3 group and T1 (CML395) in B group (MR87.2% and HPH (62.14%).
Dhliwayo et al. (2009) reported even lower MPH means with CIMMBK IITA A (4.97%)
and CIMMYT B x CIMMYT A (5.84%). However, there wercases when predefined
groupings resulted in corresponding high heterasiises e.g. L6 (2Kba) in the SC group and
T11 in the A group showed high MPH (166.80%) andHHR36.08%) and L4 (NAW5885)
in the N3 group crossed with T6 ([CML445/ZM621B}22-3-1-B*5) in the B group also
showed high MPH (195.02%) and HPH (147.91%). Irs thiudy heterotic groupings
determined by SNP markers also resulted in corredipg high MPH and HPH values but in
some cases the opposite was true e.g. L4 (NAW5888) T4 (CML442) clustered in
different groups using SNP markers and showed NIgt (159.25%), whilst L7 (SC5522)
and T10 (CML536) clustered in the same group bspldyed high MPH (140.17%). Such
phenomenon has been reported frequently in maiza\gknetically diverse parents produce
crosses with high heterosis (Hallauer and Mirari288; Hallaueret al., 2010). In the
current study it was also noted that lines witlia same heterotic group exhibited offspring
with lower HPH values and similar results were réga by Flint-Garciaet al. (2009).
Literature indicates that the use of heterotic geoand genetic distance to predict levels of
heterosis have been of limited success (Mwlhll., 1965; Melchinger, 1999). Although
crosses between individuals in the same group hewealed lesser heterosis than crosses
between individuals in different groups there am@nynexceptions, making group identity a
poor predictor of heterosis (Flint-Garatal., 2009).
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Research done earlier has shown that low levelsfsignificantly reduced the levels of
heterosis (Mollet al., 1965) thereby prompting other researchers toktkihat GD can be
used to predict heterosis. Results from this stualye revealed that there was significant
correlation between GD and heterosis under drocgiditions and the following researchers
reported similar results: Betraa al. (2003), Amorimet al. (2006), Srdicet al. (2007) and
Georgeet al. (2011). However, Betragt al. (2003) reported increased correlations under
non-stress compared to stress environments. Thedrlines used as testers in this study
were specifically screened for drought tolerance as a result their performance compared
to lines used as females was different and thihtragplain the significant correlation of GD
and heterosis. In addition GDs reported in theandrstudy had a narrow range and this
might also explain it being able to predict hybpeérformance since in other studies
(Melchinger, 1999; Georget al., 2011) it has been reported that a better cdivelaaf GD
with MPH and HPH was observed among lines thatnaoee closely related than among
lines that are distantly related. Different envir@nts furthermore influence association of
GD and heterosis to different degrees, mainly bseguerformance of parental lines and
hybrids varies across environments. Previous stuthee seldom detected strong association
amongst heterosis and parental GD (Melchinger, 19883h and Singh, 2004). Madt al.
(1965), Melchinger (1999) and Georgeal. (2011) have suggested that the relationship
between GD and heterosis is complicated given dsathe GD between the parental lines
increases the level of heterosis also increasés agertain point after which heterosis starts

declining.

On the other hand there was non-significant caicgiebetween GD and heterosis across all
environments as well as under optimum and low Ndt@ms and similar results were
reported by Balestret al. (2008), Dhliwaycet al. (2009) and Devi and Singh (2011). In the
current study there was a positive and significeotrelation between GD anper se
performance of hybrids under drought conditionsdrrterally theper se performance of {5
was little influenced by GD as evidenced from nam#icant negative correlations. These
results are an indication that meagre variationbattable to SCA, HPH, MPH anper se
performance of hybrids could not be explained dauSNP based GD of the parents. There

were significant positive correlations between S@#,se performance of hybrids, MPH and
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HPH across all environments and under optimum andgt conditions but not under low
N conditions. These results indicate that an imenoent in selection for SCA will result in
an indirect improvement of MPH and HPH for hybridsder optimum, drought and across
environments. Under low N conditions the oppositeue. The non-significant correlation of
SCA, HPH and MPH wittper se performance of hybrids under low N conditions nhigh
due to the low inbred line genetic variability caddy low yields and high error variability
associated with the stress environment. Contramgsalts reported by Betraa al. (2003)
where r(F, SCA) across environments was double that aof ffPH) and r(f, HPH), in this
study almost double r(FHPH) was reported. Similar to the results regbtdy Devi and
Singh (2011), MPH and HPH were also found to bed&tgrminants oper se performance
of hybrids in this study. HPH correlation wither se performance was consistent in all
environments and according to Flint-Garaga al. (2009) better parent heterosis is an
economically relevant trait. The HPH and MPH alstablished positive linear regressions
with per se performance of hybrids. As a consequence of tfferdntial response of the
inbred lines under stress conditions the correfati@t involved MPH was more erratic and

inconsistent than the HPH correlation.

6.5 Conclusions

The most important factor in developing adapted high yielding hybrids is identifying
parental lines that combine well and result in sigpevarieties. The germplasm used
generally exhibited good heterosis for grain yialld other traits. Lines L1 (K64r), L2
(N3.2.3.3), L3 (RS61P), L4 (NAW5885) and L7 (SC5p2hd testers T3 (CML539), T9
(CML444) and T6 (CZL03007) were identified as pot@nparental lines for producing
hybrids for optimum environments, whilst L3 (RS61B% (NAW5885), L5 (2N3d), T11
(CML548), T6 (CZL03007), T9 (CML444) and T10 (CML&GBwere identified as potential
parents for producing hybrids for stress envirorisierThe positive and significant
association of SCA and grain yield under optimum drought conditions confirmed SCA as
a good predictor for grain yield of, Rybrids. MPH had poor predictive value for graialg
performance of hybrids under study, whilst HPH lzabetter predictive value. The GDs
found in this study were small and some of theslihad low homozygosity which might

have influenced the levels of heterosis realisetthénstudy. A significant and positive SCA,
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MPH and HPH association is an indicator that SCA lba used to predict MPH and HPH
during selections under both optimum and droughtltmns which is a desirable selection
outcome. The negative MPH and HPH for days to amhghowed that hybrids were earlier
than their parental inbred lines and this is ardb& outcome as the National Breeding
Programme is inclined towards breeding for earlyumag hybrids. The majority of farmers
targeted by the breeding programme are situatéahinainfall areas characterised by erratic
mid-season droughts, so early maturing hybrids Wdid a better option for them. Even
though the correlation of SNP distances with HPH BHPH were significant under drought
conditions, the magnitudes were too low to be ofhhipredictive value. SNP and
morphological distances were found to be usefutlémtifying closely related and distantly
related maize inbred lines but they were found eoob limited importance in predicting
HPH, MHP, SCA ander se performance of lines. The known heterotic groupss \alid
since high heterosis could be observed from linghe opposite groups, however confirming
their validity with the SNP data was not conclusmaybe due to genetic contamination of

some of the lines.
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CHAPTER 7

Performance of Rtestcrosses developed from CIMMYT drought tolerant

donors and Zimbabwean elite inbred lines

Abstract

Drought is one of the most devastating factors rfaize production especially in sub-
Saharan Africa. Therefore the urgent need to bfeedrought tolerant varieties cannot be
over-emphasised. In this study six DR&SS elite einitaize inbred lines were crossed to two
CIMMYT Zimbabwe and seven CIMMYT Mexico drought éohnt donors to initiate a
segregating population after which selfing was dongl the F generation. A total of 196
segregating lines belonging to heterotic group Arewgestcrossed to group B tester
CML444/CML395 and 209 segregating lines belongmbeterotic group B were testcrossed
to group A tester CML539/CML442 under isolation] fdstcrosses were divided into early
and late maturing trials and evaluated under drbagld optimum conditions using a 0.1
alpha lattice design with two replications acrokse¢ environments in the 2011 winter
season. The objectives of this study were to deternagronomic performance of the
testcrosses under drought and well-watered comditémd to identify superior testcrosses for
grain yield and yield related traits. Significa®<0.001) mean squares for the majority of
traits were an indication of the presence of genariability amongst the testcrosses. The G
X E interaction mean squares were highly signifiq@0.001) for the majority of traits.
Testcrosses containing the lines derived from DR&®8s K64r, RS61P, N3.2.3.3 and
CIMMYT drought tolerant donors based on DTPWC9 wgenerally amongst the best
performing testcrosses in both trial sets undemugio and well-watered conditions and
across environments. There was significant coimgladbf grain yield with secondary traits
such as anthesis days, anthesis silking intervélesms per plant under drought conditions.
Genetic variances and genetic gains for plant andheight were generally higher than those
for other traits. Results therefore provide thedfm selection of segregating lines for grain
yield and related traits for further generationatement.
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7.1 Introduction

Maize is the world’s leading cereal crop with protlon of 695 million ton and per unit area
yield of 4 815 kg ha(FAOSTAT, 2008). It is grown as a staple food ciopmlifferent agro-
ecological zones of Zimbabwe. Currently 80-90%haf total area under maize is attributable
to communal farmers and they encounter variationsinfall distribution from year to year,
exposing their maize crop to drought. The 1981/8ught reduced maize production by
about 70% (Rukungt al., 2006) and hence emphasised the need to devedagid tolerant
varieties. The most elite inbred lines used by Zmmbabwe National Maize Breeding
Programme under DR&SS lack tolerance to drought thiede exists a need to develop
drought tolerant varieties in the shortest posdibie. Hence there is a need to use quick and
efficient methods that will enable identificationmcaisolation of superior drought tolerant

genotypes.

The maize improvement programme involves developnoénines, assessment of their
performance and selection of superior ones thaladee used as parental lines (Pixktyal.,
2006). The presence of satisfactory genetic dityessid good quality genetic factors derived
from parents define progress from selection forrommpd adaptation and desirable agronomic
traits (Dreisigackeret al., 2004). Introgression of exotic maize into addptaeeding
germplasm can widen and diversify the genetic lmdissdapted germplasm (Menlet al.,
2007). Crosses constituted from diverse genotypasimise the number of segregating
alleles, causing large genetic variance in thepoifig) (Coxet al., 1985; Messmeet al.,
1993) thus increasing the chance for selecting typree that may be superior (Becelaetre
al., 2005). Exotic maize inbred lines with higherdksvof diversity can lead to concentration
of alleles for increased yield potential, early umdy, short plant height, resistance to root
and stem lodging, tolerance to abiotic stressap (Fought) and resistance to diseases and
insects (Menkiet al., 2007).

Estimates of genetic components of variance arkilu® two aspects that are important to
applied breeding programmes and these are estirohtesritability and predicted response
to selection. Progress in plant breeding dependshenavailability and maintenance of

genetic variability. Heritability expresses the podion of the total variance that is
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attributable to the average effects of genes atetnes the resemblance between relatives
(Falconer, 1960). Repeatability can be definechagtoportion of the genotypic variance to
the total phenotypic variance. There are certasumptions that are made in computing
repeatability and the first assumption is that #agiances of different measurements are
equal and have their components in the same piopsrand the second assumption is that

the different measurements reveal what the sanmaciiea is genetically (Falconer, 1960).

As the numbers of lines to be tested at variougestaf inbreeding increase over time, their
evaluation in all possible hybrid combinations st feasible. Test cross performance of
experimental lines is the major selection critefiimhybrid maize breeding (Mihaljevat al.,
2005). Two basic systems are used namely late ang testing. Late testing involves
evaluation of hybrid performance at later stagetbfeeding (§Ss) and more testers are
used compared to early testing. Early testing bfads first proposed by Jenkins (1935) has
become a matter of great interest to maize breettersarly testing, evaluation of hybrid
performance is conducted in early generations bfeeding ($Ss;) whereby plants are
outcrossed to a tester and the resulting proge®uated for grain yield and general
performance. Early testing procedure is of sigaifice where yield is an important
consideration or where other important factors lsarevaluated easily and efficiently by a
suitable tester (Allard, 1960). Therefore test sihog has been adopted extensively to
evaluate the relativgper se performance of inbred lines to aid in line advaneat in
pedigree breeding. Hence the objectives of thiglystwere to determine agronomic
performance of testcrosses derived from CIMMYT #&W&SS lines under drought and
well-watered conditions through pedigree breedimgl @0 identify superior lines for

generation advancement.

7.2 Materials and methods

7.2.1 Germplasm

Plant selections were made at each generation ek twere based on synchronisation
between pollen shedding and silking, low ear plaz@mwell filled ears and resistance to
lodging and MSV. Six DR&SS elite inbred lines weressed with nine CIMMYT drought
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tolerant donors to develop a segregating populdfi@ble 7.1). CIMMYT drought tolerant
donor lines were crossed to all the DR&SS lines 358 F1s were produced. Selfing was
done and the ear to row technique was applieddae@tion advancement until the Fhe

Fs segregating population was grouped according¢oMMMYT heterotic grouping, after
which 196 lines belonging to group A were testcedssto the group B tester
CML444/CML395 and 205 lines belonging to group Brevéestcrossed to group A tester
CML539/CML442. Testcrossing was done under isofatio Gwebi in Zimbabwe (17.33,
31°E, 1406 masl). Three hundred and twenty-four tess@s were divided into maturity
groups (early and late) to constitute two trialsséthe early testcross trial constituted 223
entries and seven check varieties (013WH29, 023WI38513, SC403, SC411, CZH0524
and CZH0946), whilst the late testcross trial cioutgd of 101 entries and seven check
varieties (013WH03, 013WHO01, SC635, SC627, SC7ZH@37 and CZH0616).

Table 7.1 Pedigree, source and heterotic groupingf the inbred lines used to develop

the F; population

Inbred Pedigree Source Heterotic group
1 SC5522 DR&SS SC
2 N3.2.3.3 DR&SS N3
3 RS61P DR&SS SC
4 NAW5885 DR&SS N3
5 K64r DR&SS N3
6 RA214P DR&SS N3
7 CML442 CIMMYT-Harare A

8 CML444 CIMMYT-Harare B

9 DTPWC9-F16-1-1-1-1-BBB CIMMYT-Mexico B
10 DTPWC9-F104-5-4-1-1-BBB CIMMYT-Mexico B
11 DTPWC9-F92-2-1-1-1-BB CIMMYT-Mexico B
12 DTPWC9-F115-1-2-1-2-BBB CIMMYT-Mexico B
13 G16BNSeqC4-(F25x2)-4-1-4-B CIMMYT-Mexico A
14 G16BNSeqC4-(F20x17)-3-1-5-BB CIMMYT-Mexico A
15 LaPostaSeq(-F10:-1-2-1-1-BBB CIMMYT -Mexica B

7.2.2 Evaluation sites

Trials were evaluated under drought and optimatitamns during the winter of 2011. Three
sites were used: Chiredzi Research Station (21,031$%8°E, 433 masl), Chisumbanje
Research Station (20°S, 33°E, 455 masl) and SalleyMResearch Station (28, 32E, 556
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masl). At each site two early and two late tesrosls were planted (one under managed

drought and another under optimal conditions).

7.2.3 Management

Trials under optimal conditions were grown undegation and water was applied as and
when it was necessary to ensure that the crop doesuffer from moisture stress. At all
three sites drought was managed through irrigadtaeritical times only. A total of 280 mm
irrigation was applied in the first eight weeks tbke crop’s growth for the trials under
managed drought. This resulted in drought coingdiith flowering and grain filling. The
stress level projected to be achieved in this tnak a yield of about 15- 20% of yields
achieved under optimal conditions. This stresslldetays silking and causes ear abortion in
non-stress tolerant genotypes. The testcross di@luaas done using the 0.1 alpha lattice
design. There were two replications in each tuaih each entry being planted in a one row
plot 4 m long, with a 90 cm between row and 30 srow spacing. Two seeds were planted
per station and later thinned to give a plant paoh of 48 000 plants HaA total of 400 kg
ha' maize fertiliser was applied as basal dressing 28@ kg hd ammonium nitrate as
topdressing split applied at four and eight wedker &rop emergence. Two applications of
Dipterex 2.5% granules into the funnel of each plaere done at three and six weeks after
crop emergence and the rate of application useddvkapha’. Termite control was done as

and when necessary using Carbaryl 85% wettable @owd

7.2.4 Data collection and analysis

Data for flowering dates (at 50% anthesis and 5DRing), plant and ear height, plant stand
ability (root and stem lodging), leaf senesceneg,aspect, texture, ear rot and grain weight
were recorded as described in section 3.2.4 andeTaR. Some derived traits such as
anthesis silking interval, lodging percentage, gamsplant and yield per hectare (at 12.5%
moisture adjustment) were also calculated. Theviddal and combined site ANOVA was
done using AGROBASE (2005). In the combined ANO\éstcrosses and locations were
considered as fixed effects while replications gadrs were considered as random effects.

The variance components were computed followingcWériand Weber (1986).
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Genetic variance:

%= (Ms+ My Ma- My)/rly

Where:o?; = genetic variance

M5 = 6%+ ro’gy + Iy o’g1+ Il 6%gy+ rly o
Mg = 6%+ ro’gy + 1l 6y

Mz = (529+ I‘ng|y+ ry ng|

M, = Gze+ I'ng|y

rly = replication x location x year

gly = genotype x location x year

gl = genotype x location

gy = genotype x year

Genotype X year variance:
gy=  (Ma— M)/l
Where: rl = replication x location

Genotype x location variance:
%= (M3 — Mp)/ry

Where: ry = replication x year

Genotype x location x year variance:
ng|y = (M2 - Ml)/r

Where: r = replication

Error variance:

2 _
0%e= My

Phenotypic variance:
GZP = ng + izgl + Gzav"' qulv + Gze
L Y LY RLY

207



Repeatability:

b= ng/cszp

Where:o’y = genotypic variance
o’ p= phenotypic variance

Genetic gain:

Ag=ko’p b

Where: k = selection intensity
o°p = phenotypic variance

b= repeatability

In this case repeatability is taken to be the sawmebroad sense heritability. Pearson
correlation coefficients (r) between grain yielddasecondary traits were calculated from
means across environments and per environmentstiat computations were performed
with SPSS 15.0 version for Windows (2006).

7.3 Results

7.3.1 Performance of early maturing testcrosses ued managed drought conditions

The means presented are for the 10 best and 1@gigenotypes in terms of grain yield and
overall grand means for each data set are presertiecearly maturing testcrosses planted at
Chiredzi Research Station under managed drougkdsstronditions were severely affected
by heat scorch soon after water stress was indataso weeks bracketing flowering,
resulting in most of the entries completely failit@ flower. As a result grain yield was
recorded for only a few entries and the site wasetlore excluded from the analysis. The
ANOVA for grain yield under managed drought stregaditions for Chisumbanje and Save

Valley Research Stations is presented in Table 7.2.

The two sites, genotypes and G x E interaction vegggificant (R0.001) for grain yield.
Results for anthesis days and other agronomicstemitoss the three sites under managed
drought stress are presented in Tables 7.3 andSites were significantly different for all
traits (<0.001). Genotypes were significantly different atOR®01 for plant height, ear
height, root lodging, stem lodging, ears per plantl ear aspect, significantly different at
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P<0.01 for ear rot and significantly different at@P05 for senescence and texture. However
genotypes were not significantly different for agls days and anthesis silking interval. The
G x E interaction was significant for all traitsoept anthesis silking interval, senescence and

texture.

Table 7.2 Analysis of variance for grain yield undr managed drought conditions at
Chisumbanje and Save Valley for early maturing testrosses in the 2011

winter season

Source DF MS
Site 1 109.68**+
Genotype 229 0.55%*
GXE 229 0.66***
Residual 278 0.24

***P <0.001; DF=degrees of freedom; MS=mean square; Enwréronment; G x E=genotype by environment interacton.

Table 7.3 Analysis of variance for anthesis daysnd other agronomic traits under
managed drought conditions across three sites fomdy maturing testcrosses
in the 2011 winter season

Source DF AD ASI PH EH RL SL SEN

Site 2 163938.91***  1830.03***  22237.52***  5451.52* 46510.69*** 83817.67**  14.948***
Genotype 229 12.86 13.51 250.72%** 293.06*** 17142 304.34** 0.027*
GxE 458 12.12* 13.30 237.76*** 255.76*** 175.88* 231.60*** 0.025
Residual 417 9.45 12.25 3.52 105.10 57.82 87.40 220.0

***P <0.001; **P<0.01; *P<0.05; DF=degrees of freedom; AD=anthesis days; ASinthesis silking interval;, PH=plant height;
EH=ear height; RL=root lodging; SL=stem lodging; SHN=senescence; Env=environment; GxE=genotype by enwnment
interaction.
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Table 7.4 Analysis of variance for ears per plantear aspect, texture and ear rot under
managed drought conditions across three sites foady maturing test crosses
in the 2011 winter season

Source DF EPP EA TEX ER

Site 2 15.750** 51.95%** 37.80%** 99206.70***
Genotype 229 0.038*** 1.07%* 1.03* 632.77**
GxE 458 0.034*** 1.01%* 0.93 602.51**
Residual 417 0.005 0.71 0.82 456.72

***P <0.001; **P<0.01; *P<0.05; DF=degrees of freedom; EPP=ears per plant; Efear aspect; TEX=texture; ER=ear rot;
Env=environment; G x E=genotype by environment inteaction.

The means for the best and poorest performing @aalyring testcrosses under drought are
presented in Table 7.5. The genotype G122 (DTPWUB5-6-1-1-B*4/K64r)-B-
3//ICML444/CML395was the best performer in terms of grain yield undanaged drought
conditions with a mean yield of 2.68 t hdollowed by G25 (DTPWC9-F16-1-1-1-1-
BBB/RS61P)-B-23//CML539/CML442 with a mean vyield @51 t h&d. The 10 best
genotypes performed well above the trial grand mefah53 t h&. The poorest performer
was G215 (DTPWC9-F104-5-6-1-1-B*4/NAW5885)-B-4//CH44/CML395 with an
average mean yield of 0.70 thand the genotype had a poor ear aspect scor8 ahd. ear
rot percentage of 35.3%. Six of the ten best perifog testcrosses constituted of K64r sister
lines and the rest were two RS61P sister lines,M31€2.3.3 line and one NAW5885 line,
whilst the majority of testcrosses within the tenopest performing testcrosses were
NAWS885 sister lines. Most lines within the ten pesi performing lines had ear rot scores
of above 20% and ear aspect scores of above 3riabllity scores generally showed that
genotypes played a minor role in expression ofgiaaving the environment to play a major
role and this was further confirmed by the lowenagpic variances compared to phenotypic
variances. The Rvalues were above 0.50 for all traits measureceumdanaged drought

conditions.

210



Table 7.5 Performance of early maturing maize testosses for grain yield and other agronomic traits nder managed

drought
Genotype GYD PH EH RL SL SEN EPP EA ER
Ten best testcrosses G122 2.68 170.8 95.0 13.7 231 0.58 0.41 34 26.0
G25 251 17.8 81.7 8.3 27.0 0.55 0.62 3.8 39.9
G131 2.44 161.7 82.5 10.7 26.2 0.55 0.53 3.6 40.8
G14 2.44 180.8 92.5 6.3 25.1 0.55 0.53 35 25.4
G51 2.36 165.0 89.2 15 24.8 0.53 0.46 3.1 26.8
G46 2.36 170.8 92.5 15.0 22.1 0.55 0.55 37 18.6
G128 2.28 179.2 95.0 15.2 20.7 0.55 0.57 3.3 105
G209 2.28 180.0 104.2 147 15.9 0.58 0.51 3.3 13.7
G19( 2.2¢ 1713 90.€ 31.¢ 9.C 0.52 0.6C 3.2 16.1
G114 2.27 178.3 101.7 16.3 16.4 0.53 0.48 3.9 23.6
Ten poorest testcros: G12¢ 0.9 165.¢ 80.¢ 7.1 22.2 0.5¢ 0.3¢ 3.¢ 321
G196 0.94 160.8 93.3 15.8 125 0.57 0.33 35 26.7
G43 0.94 165.0 90.8 10.7 17.7 0.60 0.44 4.0 48.5
G162 0.94 170.8 100.8 10.6 16.3 0.53 0.40 34 24.9
G40 0.94 160.8 84.2 2.6 18.8 0.58 0.40 4.3 44.5
G154 0.86 170.8 82.5 2.0 17.7 0.53 0.36 4.4 34.9
G126 0.86 175.0 104.2 6.4 18.4 0.58 0.25 3.7 24.2
G100 0.86 166.7 92.5 9.9 16.4 0.55 0.42 3.8 27.9
G65 0.71 178.3 107.5 16.9 7.6 0.55 0.42 3.9 28.4
G21¢t 0.70 167.5 90.C 17.7 8.2 0.4¢ 0.3t 4.2 35.2
Grand mean 1.53 170.7 95.3 11.9 17.8 0.56 0.45 3.7 28.1
LSD 0.57 5.34 9.79 7.2 8.9 0.14 0.07 0.8 20.3
SED 0.35 3.24 5.94 4.39 5.40 0.090 0.040 0.49 12.34
CV% 31.84 3.29 10.80 335 32.6 26.36 16.56 23.0 46.0
R2 0.90 0.96 0.86 0.92 0.92 0.86 0.97 0.79 0.81

GYD=grain yield (t ha™); PH=plant height (cm); EH=ear height (cm); RL=roa lodging (%); SL=stem lodging (%); SEN=senescendgs); EPP=ears per plant (#); EA=ear aspect (1-5);
ER=ear rot (%); LSD=least significant difference;SED=standard error difference; CV=coefficient of variation; R>=coefficient of determination.
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7.3.2 Performance of early maturing testcrosses ued well-watered conditions

The ANOVA for grain yield and other agronomic teadire presented in Tables 7.6 and 7.7.
Sites were significantly different £0.001) for all traits except anthesis silking intdr
Genotypes were significantly different®001) for grain yield, plant height, ear heigtar e
position, ear aspect, ear rot and texture, whigtytwere not significantly different for
anthesis silking interval and ears per plant. The Ewas not significant for anthesis days
and anthesis silking interval. Genotype means famgyield and other agronomic traits are
presented in Table 7.8. The grain yield trial meas 3.85 t hdand the two best performing
genotypes G82 ((NAW5885/CML442)-B-9//CML444/CML39%&Nd G206 ((DTPWC9-F66-
2-1-1-2-BBB/N3233)-B-2//CML444/CML395) performed 8% above the trial mean with a
mean yield of 5.46 t ifa whilst the poorest performing genotype G58 ((DTESAF92-2-1-
1-1-BB/K64r)-B-11//CML539/CML442) performed 57.1%lbw the trial mean with a mean
yield of 2.20 t h&. Testcrosses that featured within the ten begopeers in terms of grain
yield were mainly constituted from K64r, RS61P, NA885 and N3.2.3.3 with DTPWC9
donor lines. Testcrosses within the ten best pedos all showed ear aspect scores of below
3.5 and the texture scores showed that genotypegedafrom semi-flint to semi-dent. The
ear rot scores for all genotypes were generallgw@0% with a trial mean of 17%. Theé R
values were again high and were all above 0.50. cdefficient of variation values were
below 20% for all traits except ear rot.

7.3.3 Performance of early maturing testcrosses awss environments

In the combined ANOVA environments were signifidgndifferent (<0.001) for grain
yield, anthesis days, plant height, ear height, pmition, ears per plant, root and stem
lodging, senescence and ear rot except anthegisgsiinterval (Tables 7.9 and 7.10).
Genotype as well as G x E mean squares were signiffor all traits. All other interactions
were also highly significant. The genotype G111TRDVC9-F104-5-4-1-1-BBB/K64r)-
B33//CML444/CML395) was the overall best perfornmeterms of grain yield with a mean
yield of 4.17 t h& and this was 39.9% higher than the trial mean IF@K.1).
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Table 7.6 Analysis of variance for grain yield forearly maturing testcrosses under

well-watered conditions in the 2010/11 season

Source DF MS P
Site 1 109.6¢ ok
Genotyp: 22¢ 0.5t el
GxE 229 0.66 ok
Residual 278 0.24

***pP <0.001; Env=environment; G x E=genotype by environm# interaction;; DF=degrees of freedom; MS=mean scare;
P=probability.
Table 7.7 Analysis of variance for anthesis daysd other agronomic traits under well-
watered conditions across three sites for early mating testcrosses in the

2011 winter season

Source DF  AD ASI PH EH EPO EPP EA ER TEX
Site 2 41325.50***  9227.75 561563.97**  118377.88** 0.19*** 0.95%*  3.37** 6553.21"* 114.46**
Genotype 229  10.30* 9501.18 374.81%* 362.70*** 0o* 0.011 0.41**  114.08*** 0.28***
GxE 458  9.02 9511.65 265.50%** 222.37%* 0.006*** 0.01* 0.35%**  104.53*** 0.30***
Residual 417 7.93 9476.79 26.43 58.7 0.004 0.01 6 0.1 68.75 0.12

*+p <0.001; *P<0.05; DF=degrees of freedom; AD=anthesis days; ASinthesis silking interval; PH=plant height; EH=ear height;
Es\fi)r;ﬁﬂeﬁfﬂtg)rr;;ctﬁfzears per plant; EA=ear aspectER=ear rot; TEX=texture; Env=environment; G x E=genotype by
The genotype G111 also ranked fifth under well-weteconditions. It also exhibited good
stand ability qualities as indicated by root arehstodging percentages of less than 20% as
well as good prolificacy (ears per plant mean) &bitne trial mean. Genotypes G131 ((DTP
WC9-F104-5-6-1-1-B*4/K64r)-B13//CML444/CML395), GAEDTPWC9-F16-1-1-1-1-
BBB/RS61P)-B- 23//CML539/CML442) and G209 (DTPWE264-5-4-1-1-BBB/N3233)-
B-3//CML444/CML395) were within the ten best perfang  testcrosses  both  under
combined analysis as well as under managed dracghditions. The poorest performing
genotype under drought and well-watered conditiovess G69 ((N3233/CML442)-B-
12//CML444/CML395) with a mean yield of 1.84 thhand it was also amongst the poorest

performing testcrosses under drought conditions.
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Table 7.8 Performance of early maturing testcrosseer grain yield and other agronomic traits under gptimum conditions

Genotype GYD AD PH EH EPO EA ER TEX
Ten best testcrosses G82 5.46 73.5 173.3 95.8 0.55 3.2 19.8 29
G20¢ 5.4¢€ 72.8 168.: 93.2 0.57 3 7.1 3.C
G24 5.30 72.7 169.2 90.0 0.55 3.0 15.0 3.1
G211 5.22 71.5 163.3 89.2 0.55 3.3 17.9 3.0
G111 5.19 74.2 175.8 100.8 0.58 3.2 15.7 2.9
G79 5.06 73 175.0 92.5 0.52 3.1 11.6 3.1
G96 5.06 70.3 180.0 94.2 0.53 3.3 14.9 2.9
G143 4.98 73.3 170.8 96.7 0.55 34 12.8 3.0
G95 4.98 73 174.2 98.3 0.58 3.0 14.6 2.8
G29 4.95 72.3 168.3 90.8 0.57 3.0 11.2 3.2
Ten poorest testcrosses G179 2.67 74.5 170.0 90.0 53 0 3.9 13.9 3.3
G50 2.67 72.7 152.5 733 0.48 3.7 19.4 3.6
G64 2.6C 75.2 170.( 97.t 0.57 3.8 21.2 3.2
G176 2.59 72.3 175.0 101.7 0.58 4.2 20.3 35
G38 2.59 71.3 156.7 80.0 0.53 3.7 16.5 3.3
G154 2.59 75.3 163.3 90.8 0.57 3.9 24.1 3.6
G167 2.44 73 161.7 93.3 0.58 3.2 11.2 3.0
G56 2.35 73 158.3 85.8 0.57 3.8 19.1 35
G62 2.28 72.3 169.2 93.3 0.57 3.6 17.6 35
G58 2.20 72.7 175.0 95.0 0.55 4.0 24.6 3.4
Grand Mean 3.85 72.8 169.3 93.3 0.55 3.4 17.0 3.2
LSD 0.60 2.68 4.89 7.29 0.06 0.39 7.89 0.34
CV% 13.42 3.87 3.04 8.21 11.42 11.82 48.8 11.14
R? 0.96 0.96 0.99 0.96 0.81 0.87 0.83 0.91
LSD 0.57 2.68 4.89 7.29 0.06 0.39 7.89 0.34
SED 0.35 1.63 2.97 4.42 0.037 0.23 4.79 0.20

GYD=grain yield (t ha®); AD=anthesis days; PH=plant height (cm); EH=ear kight (cm); EPO=ear position (0-1); EA=ear aspectl{5); ER=ear rot (%); TEX=texture (1-5); LSD =least

significant difference; CV=coefficient of variation; R?=coefficient of determination; LSD=least significah difference; SED=standard error deviation.

214



Table 7.9 Analysis of variance for grain yield aarss environments for early maturing

testcrosses
Source DF MS
Site 1 48.17*%**
Genotype 229 1.15%**
Treatment 1 3843.01***
GxE 229 1.30%*
ExT 1 473.13%*
G xT 229 1.16%+*
GxXEXT 22¢ 1.06%+*
Residual 0.06

***P <0.001; DF=degrees of freedom; MS=mean square; Envwd@ronment; G x E=genotype by environment interacton; G x T=
genotype by treatment interaction; G x E x T=genotpe by environment by treatment interaction.

Genotype G69 had ears per plant mean (0.50) thatbew the trial mean (0.62). The
majority of genotypes within the ten best perforghgenotypes had DTPWC9 donor as one

of the parents.

7.3.3.1 Variance components for early maturing testosses

The mean grain yield under drought conditions figr ¢arly maturing testcrosses was 40% of
the mean grain yield under optimum conditions (Fégd.1). The general overview of the
performance of the testcrosses under drought donditis presented in Figure 7.2. The
majority of testcrosses performed below the trialam (1.53 t hH3). Plant height, ear height
and ears per plant had repeatability values higter 0.20. Genetic gain expected for grain

yield was 10 g in grain yield per plant.

7.3.3.2 Correlation between grain yield and secoady traits for early maturing
testcrosses under managed drought conditions

Grain yield was highly but negatively correlated<@®1) with anthesis silking interval

(Table 7.13). Correlation with anthesis days wagatiee but non-significant. Ears per plant

were highly significant and positively correlatedtiwgrain yield. Anthesis days were

significantly and negatively correlated (-0.159)ttwanthesis silking interval. Senescence

was highly and negatively correlated with earspiant.
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Table 7.10 Analysis of variance for anthesis dayand other agronomic traits under combined environmats for early

maturing testcrosses

Source DF AD ASI PH EH EPO EPP RL SL SEN ER

Site 2 157649.36*** 1423.83 234310.72*** 45933.34**  0.12*** 12.15%** 48687.77** 96193.90*** 747+ 77730.76%**
Genotype 229 12.47%* 4743.49*+* 364.13*** 438.01** 0.01*** 0.02** 123.31%** 153.41%+* 0.01*** 378.27%*
Treatment 1 14357.62*** 8102.70 1370.66*** 2700.38* 0.03*** 83.82*** 37945.15%** 111929.83*** 216.50** 85072.63***
GxE 458 12.77%* 4754.42%%* 266.72*+* 255.66*** Q1> 0.02%** 126.61%** 158.67*** 0.01%** 338.66** *

E xT 2 47615.05%** 9633.95* 349490.77** 77896.06**  0.08*** 4.54%** 8094.54*** 10112.51*** 747+ 28029.15%**
GxT 229 7.21%%* 4771.21%* 261.40%* 217.76%* 0.a** 0.03*** 108.92** 125.19%+* 0.01%** 368.58***
GXxEXT 458 8.36*** 4770.53*** 236.53*** 222.47%* 0.01*** 0.02%** 111.41% 133.36*** 0.01*** 368.38***
Residual 5.26 2871.50 17.54 49.84 0.003 0.004 .0230 27.35 0.01 159.01

***P <0.001; **P<0.01; *P<0.05; DF=degrees of freedom; AD=anthesis days; ASinthesis silking interval; PH=plant height; EH=ear height; EPO=ear position; EPP=ears per plant;
RL=root lodging; SL=stem lodging; SEN=senescence;R&ear rot; Env=environment; G x E=genotype by envionment interaction; G x T=genotype by treatment; Gx E x T=genotype

by environment by treatment.
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Table 7.11 Performance of early maturing testcrogs for grain yield and other agronomic traits under drought and

optimum conditions in the 2010/11 season

Genotype GYD AD ASI PH EH EPO EPP RL SL SEN ER
Ten best testcross G111 4.17 75.¢ 1.2 175. 95.£ 0.5€ 0.6¢ 10.£ 13.7 0.2¢ 22.¢
G131 3.87 75.2 0.6 165.0 90.4 0.56 0.65 5.9 18.3 28 0. 27.7
G211 3.79 735 19 166.3 90.0 0.54 0.67 5.1 13.7 26 0. 23.4
G8¢ 3.7¢ 75.¢ 1t 167.¢ 97.¢ 0.5¢ 0.62 9.t 11.1 0.2¢ 26.¢
G25 3.78 75.1 1.3 167.5 84.2 0.52 0.68 7.6 15.6 80.2 30.7
G11 3.71 74.9 1.8 171.3 98.3 0.58 0.65 4.3 12.8 80.2 13.7
G79 3.67 74.9 13 180.4 99.6 0.54 0.66 3.9 17.3 80.2 20.1
G219 3.64 75.2 2.2 163.8 92.5 0.57 0.62 11.8 5.6 28 0. 20.3
G102 3.63 75.5 1.8 163.3 90.8 0.57 0.69 6.2 105 27 0. 32.1
G209 3.62 74.9 14 171.7 96.7 0.57 0.67 12.0 105 290 141
Ten poorest
testcrosses G58 2.32 75.6 2.4 178.8 100.4 0.56 0.51 5.9 8.5 0.28 20.9
G164 231 74.5 19 170.0 90.8 0.54 0.63 8.2 12.3 26 0. 17.9
G104 231 75.8 2.0 169.2 91.7 0.55 0.6 18.1 9.1 6 0.2 20.3
G65 2.28 75.5 19 176.7 105.0 0.61 0.61 9.1 5.0 80.2 23.3
G21: 2.2¢ 75.€ 1.3 169.¢ 95.¢ 0.5¢ 0.61 6.5 17.2 0.2¢ 27.¢
G228 2.08 82.4 -6.5 176.7 98.3 0.57 0.65 8.6 13.7 280 22.1
G21 2.04 76.3 0.7 172.1 92.1 0.53 0.56 7.4 8.1 028 228
G154 1.88 76.3 2.8 167.1 86.7 0.53 0.57 6.8 11.0 27 0. 29.5
G157 1.88 74.5 4.2 161.3 87.1 0.53 0.53 10.6 9.1 28 0. 19.4
G6¢ 1.84 75.0 1.2 172.¢ 99.2 0.5¢ 0.50 8.4 16.€ 0.32 22.%
Mean 2.98 75.1 0.58 170.0 94.3 0.56 0.62 8.28 11.4 028 225
LSD 0.1¢ 1.5¢ 0.€0 2.80 4.7¢ 0.04 0.04 3.22 3.51 0.0t 8.47
CV% 8.01 3.05 9.10 2.46 7.48 9.38 10.75 57.98 45.84 0@9. 55.91
R2 0.9¢ 0.9¢ 0.6¢ 0.9¢ 0.92 0.8C 0.97 0.92 0.94 0.97 0.82

GYD=grain yield (t ha®); AD=Anthesis days; anthesis silking interval (dag); PH=plant height (cm); Ear height (cm); EPO=eaposition (0-1); EPP=ears per plant (#); RL=root logjing (%); SL=stem
lodging (%); SEN=senescence (1-10); ER=ear rot (%);SD=least significant difference; CV=coefficient dvariation; R >=coefficient of determination.

217



4.5

»

w
w
1

w
1

N
w
1

N
I

Grain yield t hat

=
w
1

[any
|

o
w
1

a 1

Optimum Drought Combined
Treatment

Figure 7.1 Mean grain yield for early maturing tescrosses under well-watered,
drought and combined sites.
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Figure 7.2 Mean grain yield for early maturing tescrosses under drought conditions

across two sites in the 2011 winter season.
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Table 7.12 Genetic and phenotypic variance, repeatility and genetic gain for early

maturing testcrosses for the measured traits

Trait o’ o’ b Ag
GYD 0.0z 0.21 0.14 0.01

AD 0.11 6.28 0.02 0.03
ASI 1.4t 599.2: 0.00z 0.24

PH 9.07 44.27 0.20 1.77
EH 23.39 66.18 0.35 4.6
EPP 0.00125 0.004 0.31 0.0002

GYD=grain yield; AD=anthesis days; ASl=anthesis siing interval; PH=plant height; EH= ear height; EPP=ears per plant; ¢°;=
genetic variance;s?,=phenotypic variance; b=repeatability; Ag=genetic gain.

Table 7.13 Correlation coefficients between grairyield and secondary traits under
managed drought conditions

GYD AD ASI EPP
AD -0.1
ASI -0.178** -0.159*
EPP 0.632** -0.36 -0.086
SEN -0.38 -0.022 -0.143* -0.177**

**P <0.01; *P<0.05; GYD=grain yield; AD=anthesis days; ASl=antheis silking interval; EPP=ears per plant; SEN=senesce.

7.3.4 Performance of late maturing testcrosses unddrought conditions

The ANOVA for grain yield and other agronomic tgaior late maturing testcrosses are
presented in Table 7.14. Environments were sigmifly different (R0.001) for grain yield,
anthesis days, ear height, ear position, ears lpet,gar rot and ear aspect. Genotype and
the G x E interaction mean squares were sigmifi¢@<0.001) for all traits except anthesis
days and anthesis silking interval. The late matutestcrosses were mainly dominated by
SC5522 derived lines. G107 (CZH0837), a CIMMYT expental three-way hybrid used as
a check variety, was the best performer in ternmgraih yield under drought conditions with
a mean yield of 3.21 t Ha(Table 7.15). The second best performing testcress G29
((DTPWC9-F104-5-4-1-1-BBB/SC5522)-B-2//CML539/CML2A¥with a mean yield of 3.05

t ha' and it performed 40.5% above the trial mean o7 2.ha’. The rest of the testcrosses

within the ten best performing genotypes all perfed above the trial mean.
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Table 7.14 Analysis of variance for grain yield ad other agronomic traits for late maturing testcroses under drought

conditions in the 2011 winter season

Source DF GYD AD ASI EH EPO EPP ER EA
Site 2 180.48*** 29188.95*** 18.6¢ 32277.30** 0.19%** 1.89%* 14050.50*** 83.17**
Genotype 107 0.94%** 128.43 123.24 506.50*** 0.069* 0.04*** 159.74** 0.44%**
GxE 214 0.68*** 119.42 122.59 180.63*** 0.005*** 0.024*** 131.23*+* 0.47%x*
Residual 219 0.09 109.94 118.69 118.04 0.004 0.015 68.68 0.24

***P <0.001; DF=degrees of freedom; GYD=grain yield; AD=athesis days; ASl=anthesis silking interval; EH=eaheight; EPO=ear position; EPP=ears per plant; ER=ar rot; EA=ear
aspect; Env=environment; G x E=genotype by environent interaction.
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Table 7.15 Performance of late maturing testcrossder grain yield and other agronomic traits under drought conditions

Genotype GYD EH EPO EPP ER EA
Ten best testcrosses G107 3.21 100 0.52 0.73 16.1 1 4
G29 3.05 95.8 0.50 0.68 15.0 3.7

G9Z 2.87 120.¢ 0.€0 0.67 9.4 3.8
G14 2.86 95.0 0.49 0.69 14.3 3.8
G32 2.81 95.0 0.49 0.64 8.7 4.0
G26 2.78 103.3 0.54 0.75 8.1 35
G38 2.75 88.3 0.51 0.67 10.9 3.3
G39 2.74 91.7 0.50 0.75 9.4 4.0
G88 2.69 115.0 0.59 0.79 9.5 3.8
G51 2.69 109.2 0.54 0.64 10.7 3.7

Ten poorest testcrosses G105 1.62 95.0 0.51 0.64 9 15 3.8
G48 1.60 101.7 0.54 0.53 195 4.3
G50 1.58 85.8 0.49 0.49 15.7 4.2
G99 1.56 104.2 0.55 0.58 121 3.8
G95 154 106.7 0.56 0.52 101 3.2
G66 1.50 113.3 0.60 0.52 9.3 4.3
G11 1.34 100.0 0.53 0.47 5.7 4.2
G103 1.28 105.8 0.56 0.33 29.2 3.3
G56 121 80.8 0.44 0.56 27.9 4.6
G85 1.16 115.0 0.61 0.51 10.7 4.2
Mean 217 102.0 0.54 0.63 13.6 3.9
LSD 0.29 10.36 0.05 0.12 7.90 0.47

CV% 14.05 10.65 10.96 19.53 61.00 12.48

R? 0.97 0.88 0.79 0.85 0.86 0.88

GYD=grain yield (t ha®); EH=ear height (cm); EPO=ear position (0-1); EPPears per plant (#); ER=ear rot (%); EA=ear aspect {-5); LSD=least significant difference; CV=coeffignt
of variation; R?=coefficient of determination.
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The poorest performing testcross was G85 ((DTPWCBGFL-2-1-2-BBB/NAW5885)-B-
7//CML444/CML395) with a mean vyield of 1.16 thand the second poorest performing
testcross was G56 ((MAS[206/312]-23-2-1-1-B*7/RARP}B-1//CML539/CML442) with a
mean yield of 1.21 t ha Testcrosses generally showed low ear positionesal The ear

aspect scores for most testcrosses were above 3.5.

7.3.5 Performance of late maturing testcrosses undeptimum conditions

The testcrosses were significantly differen€@®01) for all traits except for ear aspect
(Tables 7.16 and 7.17). Environments were sigmifiy different (R0.001) for all
measured traits. The G x E interaction was sigaifidor all traits except ear aspect. The best
performing testcross in terms of grain yield undetimum conditions was G12 ((DTPWC9-
F16-1-1-1-1-BBB/SC5522)-B-6//CML539/CML442) with mean vyield of 5.41 t ha
followed by G76 ((DTPWC9-F16-1-1-1-1-BBB/NAW5885)}8B/CML444/CML395) with a
mean yield of 5.38 t a(Table 7.18). The two testcrosses generally shayeed values for
anthesis silking interval, root and stem lodgingd aar rot. The poorest performing genotype
was G56 ((MAS[206/312]-23-2-1-1-B*7/RA214P)-B-1//@839/CML442) with a mean
yield of 1.88 t h& and the same genotype was the second poorestmerfander drought
conditions. Testcrosses amongst the ten best psgferhad mean grain yields above the trial
mean of 3.94 t hA Genotypes G102 (013WHO03) and G103 (013WH01), DR&SBee-way
experimental hybrids used as check varieties, @sreng the poorest performing genotypes
and recorded high ear rot scores. The trial meargfain texture was 2.2, indicating that
genotypes were mainly semi-flint in texture. HighwRlues were recorded for all traits. Both
genotypes and the environment played a critic@ ilthe expression of plant and ear height

as indicated by high genetic and phenotypic vaganc
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Table 7.16 Analysis of variance for grain yield fo late maturing testcrosses under

well-watered conditions in the 2011 winter season

Source DF MS

Site 1 14 58+
Genotypt 107 2.04%**
GxE 107 1.550*
Residual 146 0.38

***P <0.001; DF=degrees of freedom; MS=mean square; Enwréronment; G x E=genotype by environment.

7.3.6 Performance of late maturing testcrosses undeombined environments

The combined ANOVA showed that testcrosses werafsigntly different (0.001) for all
traits (Tables 7.19 and 7.20). Sites were signitigadifferent for all traits except anthesis
silking interval. The G x E interaction was highdignificant (0.001) for all traits. The
other interactions were also significant. The bgstforming genotype in terms of grain
yield in the combined analysis was G26 (DTPWC9-E161-1-BBB/RS61P)-B-
32//CML539/CML442) with a mean yield of 4.24 t hgTable 7.21). The genotype
performed above the trial mean which was 3.06" fife testcrosses G26 ((DTPWC9-F16-
1-1-1-1-BBB/RS61P)-B-32//CML539/CML442) and G29 T(PBWC9-F104-5-4-1-1-
BBB/SC5522)-B-2//CML539/CML442)vere among the ten best performers under drought
and optimum conditions as well as under combinadre@mment analysis. These testcrosses
also exhibited good ear position and root and dteiging scores. The poorest performing
testcross was G56 ((MAS[206/312]-23-2-1-1-B*7/RAR}-B-1//CML539/CML442) with a
mean yield of 1.32 t fawith a ears per plant value of less than 0.50 amttiesis silking

interval of 4.5. The Rvalues were again very high for all measuredsrait
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Table 7.17 Analysis of variance for anthesis silkg interval and other agronomic traits for late mauring testcrosses under

well-watered conditions in the 2011 winter season

Source DF ASI PH EH EPO EPP RL SL ER EA TEX
Site 2 11.96*** 306516.29*** 63852.28*** 0.09*** 4140%+* 12977.14*** 11332.01*** 8172.72*** 951.03*** 778.19%*
Genotype 107 3.94%x* 422 .57** 439.58*** 0.009*** M16*** 74.16%** 71.62%** 85.52*** 4.23 0.18***
GxE 214 2.16%** 229.11%** 198.42*** 0.005*** 0.0 59.53*** 54.99*** 53.00%** 4.29 0.21%**
Residual 219 1.18 87.79 53.76 0.003 0.008 33.67 8811. 32.09 4.02 0.05

***pP <0.001; **P<0.01; DF=degrees of freedom; ASI=anthesis silkingerval, PH=plant height; EH=ear height; EPO=ear pasition; EPP=ears per plant; RL=root lodging; SL=sten
lodging; ER=ear rot; EA=ear aspect; TEX=texture; Erv=environment; G x E=genotype by environment interation.
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Table 7.18 Performance of late maturing testcrossefor grain yield and other agronomic traits under well-watered

conditions
Genotype GYD AD AS| PH EH EPO EPP RL SL ER TEX

Ten best testcrosses G12 5.41 70.0 1.2 176.7 96.7 .56 0 0.5 4.3 10.5 8.7 2.3
G76 5.38 70.5 0.5 178.3 103.3 0.58 0.57 11 3.6 39 20
G26 5.38 70.0 12 175.0 925 0.54 0.62 31 41 51 20
G2¢ 5.2Z 70.0 1.2 1750 82t 0.47 0.5¢€ 94 6.8 8.8 2.2
G92 5.14 71.0 15 187.5 123.3 0.65 0.54 10.0 4.2 2 7. 2.3
G21 5.14 71.0 12 187.5 96.7 0.51 0.56 55 6.4 47 20
G22 5.06 71.0 13 186.7 102.5 0.56 0.51 1.9 2.9 49 21
G19 5.03 715 0.3 160.0 95.8 0.66 0.53 0.0 4.9 54 23
G75 4.90 69.0 18 168.3 106.7 0.63 0.55 3.3 10.6 2 6. 2.3
G38 4.89 69.0 13 171.7 925 0.54 0.51 4.1 8.4 49 20

Ten poorest testcrosses G71 2.99 70.5 3.2 179.2 5 92. 0.52 0.47 8.2 6.2 9.5 2.7
Gl1 291 74.5 25 170.8 96.7 0.57 0.44 8.8 6.6 91 23
G45 291 715 0.8 173.3 90.8 0.53 0.52 0.9 11 62 23
G58 2.84 70.0 0.8 179.2 98.3 0.55 0.43 3.0 52 13 3 2
G50 2.83 70.5 0.7 170.0 925 0.55 0.34 9.5 5.9 27 25
G47 2.8t 71t 0.€ 176.5 109.: 0.62 0.3t 4.z 4.2 1¢ 24
G55 2.75 71.0 4.8 165.8 775 0.47 0.47 5.4 6.9 89 23
G102 2.67 66.5 17 180.8 94.2 0.52 0.35 16.6 6.2 233 2.6
G103 2.59 72.0 2.0 187.5 100.8 0.54 0.46 7.9 101 811 2.6
G56 1.88 71.5 3.0 176.7 84.2 0.48 0.38 2.3 3.3 73 22
Mean 3.94 70.87 1.4 178.4 97.6 0.55 0.51 5.9 6.5 9 6. 2.2
LSD 0.72 1.46 1.03 8.93 6.99 0.05 0.08 5.53 3.29 4 5. 0.21
Heritability 0.25 0.13 0.45 0.46 0.55 0.38 0.32 0.1 0.23 0.38 0.17
CV% 15.66 1.24 29.12 5.25 751 10.08 17.14 38.24 33.26 31.44 9.94
R? 0.92 0.94 0.82 0.98 0.96 0.81 0.98 0.89 0.95 0.87 0.99

GYD=grain yield (t ha™); AD=anthesis days; ASl=anthesis silking interval(days); PH=plant height (cm); EH=ear height (cm); FPO=ear position (0-1); EPP= ears per plant (#);
RL=root lodging (%); SL=stem lodging (%); ER=ear rot (%); TEX=texture (1-5); LSD=least significant difference; CV=coefficient of variation; R=coefficient of determination.
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Table 7.19 Analysis of variance for grain yield folate testcrosses under both drought

and well-watered conditions in the 2011 winter seas

Source DF MS
Site 1 115.1%x*
Genotype 107 2.21%**
Treatment 1 661.61***
GXE 107 1.25%**
ExT 1 260.13***
GXT 107 0.89***
GXEXT 107 0.97***
Residual 431 0.13

***P <0.001; DF=degrees of freedom; MS=mean square; Enwréronment; G x E=genotype by environment interacton;
G x T=genotype by treatment interaction; G x E x Tgenotype by environment by treatment.

The mean grain yield for late maturing testcrosseger drought conditions was 55% of the
mean yield under well-watered conditions (Figur@).7.The testcrosses showed good
performance under drought conditions with more tB&%6 of them performing above the
trial mean (2.71 t K9 (Figure 7.4).

7.3.7 Variance components for late maturing testcisses

The phenotypic variances were higher than the gematiances for all traits (Table 7.22).
Grain yield, plant height, ear height and earspd@nt showed good repeatability values. The
expected genetic gains were higher for plant amdchemht and lower for the other traits.
Plant and ear height had repeatability estimatesbof/e 0.50; however grain yield and ears
per plant also had good repeatability values ol @dd 0.49 respectively. Expected genetic
gain was higher for plant (11.3) and ear (15.25ylteand for grain yield it was 30 g grain

yield per plant, which converted to 3% genetic gain

7.3.8 Correlation between grain yield and secondgrtraits under managed drought
for late maturing testcrosses

Grain yield was significantly correlated with akcondary traits under managed drought

conditions (Table 7.23). The correlation with asisedays and anthesis silking interval was

negative whilst the correlation with ears per plargs positive. Both anthesis days and

anthesis silking interval were significantly buigaévely correlated with ears per plant.
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Table 7.20 Analysis of variance for anthesis dayand other agronomic traits for late maturing testcrosses under drought

and well-watered conditions in the 2011 winter seas

Source DF AD ASI PH EH EPO EPP RL SL

Site 2 44202.88*** 0.45 264997.19*** 88260.69*** Q1r+* 16.35%** 25733.39*** 86739.47***
Genotype 107 72.11%** 63.00*** 652.57*+* 795.96*** 0.01%** 0.04*** 113.08*** 250.90***
Treatment 1 990.50*** 553.56*** 32320.05*** 6219.68% 0.02%** 4.76%** 677.88*** 181594.35***
GxE 214 61.57*** 61.96*** 214.65*** 208.87*+* 0.a*+* 0.02%** 74.69*** 174.91%+*
ExT 2 1532.06*** 30.14 84746.58*** 7868.89*** o07z* 26.95%** 231.84** 40979.91***
GxT 107 65.06*** 64.17*** 197.54** 150.12** 0.a*** 0.02%** 59.55%** 179.43%*
GXEXT 214 59.98*** 62.79*** 213.75%** 170.18*** 0.01%** 0.02%** 57.91*** 166.17***
Residual 646 37.26 40.64 50.67 58.24 0.002 0.01 9619. 19.38

***p <0.001; *P<0.01; DF=degrees of freedom; AD=anthesis days; ASinathesis silking interval; PH=plant height; EH=earheight; EPO=ear position; EPP=ears per plant; RL=rat
lodging; SL=stem lodging; Env=environment; G x E=gaotype by environment; G x T= genotype by treatmentG x E x T= genotype by environment by treatment.
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Table 7.21 Performance of late maturing testcrossefor grain yield and other agronomic traits underdrought and well-

watered conditions in the 2011 winter season

Genotype GYD AD ASI PH EH EPO EPP RL SL
Ten best testcrosses G26 4.24 73.8 13 184.2 97.9 54 0 0.69 5.1 18.1

G29 4.21 73.1 1.8 181.7 89.2 0.49 0.62 7.3 20.9
G92 4.13 76.4 21 195.0 122.1 0.63 0.61 10.8 12.3
G76 4.00 75.3 0.5 186.7 106.3 0.57 0.61 5.5 145
G38 3.94 73.8 12 171.7 90.4 0.53 0.59 3.1 22.6
G75 3.87 735 2.3 180.4 110.8 0.61 0.63 8.5 20.3
G51 3.82 74.8 1.3 191.3 106.3 0.56 0.58 4.7 12.9
G2¢ 3.7¢ 74.€ 14 182.¢ 105.¢ 0.5¢ 0.5¢ 6.¢ 14.1

G12 3.77 735 15 180.4 94.6 0.53 0.56 4.4 21.2
G21 3.6¢ 73.% 1.6 187.1 95.0 0.51 0.5¢ 6.2 19.€

Ten poorest testcrosses G48 2.36 74.9 4.5 185.8 1102 0.55 0.52 3.8 17.0

G47 2.34 74.2 1.7 180.8 108.3 0.60 0.46 5.6 23.6
G55 231 73.3 2.6 168.8 84.6 0.50 0.56 4.4 131
G57 2.25 74.6 1.6 172.9 84.2 0.49 0.51 4.2 20.9
G85 2.21 76.0 2.4 183.8 112.5 0.61 0.51 7.8 22.4
G58 2.10 74.4 2.0 183.8 93.8 0.51 0.42 4.1 22.8
G11 2.05 75.9 3.3 180.4 98.3 0.55 0.46 9.5 15.1
G50 2.00 73.8 1.8 170.4 89.2 0.52 0.41 10.8 18.9
G103 1.93 74.9 3.8 187.1 103.3 0.55 0.39 11.3 19.7
G56 1.32 74.9 4.5 179.2 82.5 0.46 0.47 1.7 21.5
Mean 3.06 74.1 2.0 183.4 99.8 0.55 0.56 6.6 18.3
LSD 0.29 4.10 4.20 4.70 5.10 0.03 0.05 3.00 2.96
CV% 11.5¢ 8.2¢ 31.¢ 3.8¢ 7.64 8.6€ 15.42 37.3¢ 24.0¢

R? 0.97 0.86 0.67 0.96 0.92 0.80 0.96 0.91 0.98

GYD=grain yield (t ha®); AD=anthesis days; ASI=anthesis silking interva{days); PH=plant height (cm); EH=ear height (cm); PO=ear position (0-1); EPP=ears per plant (#); RL=oot

lodging (%); SL=stem lodging (%); LSD=least signifcant difference; CV=coefficient of variation; R=coefficient of determination.
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Figure 7.3 Mean grain yield for late maturing testrosses under optimum, drought

and combined environments in the 2011 winter season
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Figure 7.4 Mean grain yield of late maturing testoosses under drought conditions

across three environments in the 2011 winter season
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Table 7.22 Genetic and phenotypic variances, reptdility and genetic gain for grain

yield and other agronomic traits measured in late raturing testcrosses

Trait o7 o2y b Ag
GYD 0.1: 0.3 0.41 0.0
AD 0.68 9.01 0.08 0.14
ASI 0.04 8.48 0.0047 0.80
PH 56.7 85.6: 0.6€ 11.20
EH 75.8¢ 104.4: 0.7¢ 15.2¢
EPP 0.0025 0.0051 0.49 0. 10

GYD=grain yield; AD=anthesis days; ASI=anthesis sking interval; PH=plant height; EH=ear height; EPP=ears per plant;
¢°’g=genetic variance;s’p=phenotypic variance; b=repeatability; Ag=genetic gain.

Table 7.23 Correlation of grain yield and secondar traits for late maturing testcrosses

under managed drought

GYD AD ASI
AD -0.274*
ASI -0.360** 0.254**
EPP 0.616** -0.234* -0.341*

**P <0.01; *P<0.05; GYD =grain yield; AD=anthesis days; ASl=anthsis silking interval; EPP=ears per plant.

7.4 Discussion

It is critical to testcross segregating lines ibraeding programme so that inferior lines can
be discarded in early stages of breeding and #vssstime and resources. Results indicated
that environments, genotypes and G x E interaatibects were highly significant for the
given growing conditions. Highly significant difiemces observed among testcrosses in this
study were an indication of genetic variability éalle that can be exploited for further
improvement. However, breeders need the informaiiothe magnitude of genetic variation
that exists for a given trait in a set of germplasnjustify selection for that trait (Nachst

al., 1992). This can be estimated by partitioninghef total variation (total sum of squares)
into its various components from the ANOVA and gh@r magnitude implies a greater
genetic potential for improvement for the trait.eTimean grain yield reported in combined
analysis for early maturing testcrosses was 2.9@'tand 3.06 t ha for late maturing

testcrosses. The yield reductions under droughtliions were 40% for early maturing
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testcrosses and 55% for late maturing testcrosgksha stress could be classified as severe.
The vyield reduction in early maturing testcrossesni agreement with results reported by
Azeezet al. (2005). The reported yield reduction of 55% fatel maturing testcrosses was
within the value range reported by Campsal. (2006) of 45-60% yield losses when
drought occurred at silk emergence. However, Bamzeg al. (2000) reported yield
reductions of 15-20% under moderate drought strégsording to Azeert al. (2005) yield
reductions reported in the current study could be @ reduced ears per plant, reduction in
individual kernel weight and reduced translocatwinthe photosynthates to the grain.
Reduction in other yield determining traits sigecafintly affected grain yield of the testcrosses
such as high ear rot percentages and poor eartagmees though high maize yield under
drought stress has been reported to be associatea Wwigh number of fertile ears per plant
(Bolanos and Edmeades, 1996; Bolaeica ., 1993).

The presence of significant G x E interactions rfuost traits recorded in this study is an
indication that the testcrosses did not have ctrgiperformance in different environments.
Results are contrary to findings by Grauffret al. (2000) and Menkiret al. (2007).
Morphological, phenological and physiological tsaibf varieties contribute to G x E
interactions (Nachigt al., 1992). The presence of significant G x E inteaacunder drought
and non-drought environments underlines the impogadf conducting multi-location trials
in representative environments to identify yieldbd¢ hybrids under both conditions. The
variation in performance of genotypes from envirenirto environment, especially changes
in rank, hinder identification of superior stablgbhds (Hyrkas and Carena, 2005). In any
plant breeding programme selection of genotypebowit crossover G x E interaction and
identification of sites with similar or differentharacteristics is of principal importance
(Setimelaet al., 2007). Significant G x E interaction under drbugtress impedes breeding
progress (Ribauet al., 2009). It therefore appears that G x E effecmuld present
challenges in breeding for drought tolerance ingiven germplasm.

Testcrosses constituted from inbred lines K64r, BES&nd N3.2.3.3 with DTPWC9 based
donors generally showed superior performance owuBerotestcrosses. The testcross
(DTPWC9-F104-5-4-1-1-BBB/K64r)-B-33//CML444/CML395was the overall best
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performing  testcross in  the early maturing categanist (DTPWC9-F16-1-1-1-1-
BBB/RS61P)-B-32//CML539/CML442 was the overall bestformer in the late maturing
category. The testcrosses ranked the best maimsuse of the good performance of the
inbred lines K64r and RS61P reported earlier in ¢hedy. The best testcrosses were
generally consistent in their performance as theyewalso among the best performing
genotypes under drought and optimum conditionsth®mine drought tolerant donors used,
the DTPWC9 based donors showed superior performaspecially against G16BNSeqC4
and LaPostaSeqC7 based donors. The identified isupi@es can therefore be selected for
further generation advancement for the developroéhibomozygous lines. Two main goals
of any maize population improvement programme idelumproving the mean of a
quantitative trait by concentrating favourable laelieand maintaining genetic variability
(Hyrkas and Carena, 2005). The superior individueds identified after crossing with a
tester can be inbred lines for potential use asmarof synthetic or hybrid cultivars (Fehr,
1987).

Correlation coefficient analysis has been usectlacsion of secondary traits affecting yield
(Menkir, 2008). Grain yield was significantly caated with the secondary traits anthesis
days, anthesis silking interval and ears per piarhis study. Ears per plant showed good
heritability estimates compared to anthesis days amnthesis silking interval that showed
very low heritability estimates. Indirect selectifor secondary traits correlated with grain
yield rather than grain yield alone has been shtwimcrease selection efficiency by about
20% in maize grown under low soil nitrogen strd8anziger and Lafitte, 1997). Results are
consistent with findings by other researchers (Bataand Edmeades, 1996; Magorokosho
al., 2003; Zaidiet al., 2004; Monneveux and Ribaut, 2006; Ribetutl., 2009). Therefore
the exploitation of highly heritable components,iathare highly correlated to grain yield, is
therefore a more effective option than direct deacof yield per se (Kashiani and Saleh,
2010). In this study anthesis days was negatigetyelated to grain yield for both early and
late maturing testcrosses and similar results weperted by Magorokoshet al. (2003).
This may have been due to high temperatures expedieduring the growing season at the

Lowveld research stations, which subjected tesse®$o drought stress during grain filling.
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The genetic variances and repeatability estimatethis study were generally low. The
genetic variance for grain yield recorded for eanlgturing testcrosses was 0.03 and for late
maturing testcrosses was 0.13 and the repeatalettymates were 0.14 and 0.41
respectively. Results are in agreement with findifgy other researchers that genetic
variance and repeatability of grain yield often lolex with increasing moisture stress
(Bolanos and Edmeades, 1996; Magorokaosthad., 2003). Correlation of ears per plant with
grain yield under drought stress was high, but beeaf the small variances, selection for
this trait may not be effective. Similar resultsreveeported by Magorokoshe al. (2003);
however, these findings are contrary to findingsHolyneadest al. (1995) and Bolanos and
Edmeades (1996). Plant and ear height had higimatigevariances and consequently higher
repeatability estimates in this study. The gengams for these traits were also higher
compared to other traits. Falconer and Mackay (19&8ed that genetic gain of selection for
given traits depend on the heritability estimafieaits with high repeatability can be selected
on individual plant basis (El-Badawy, 2011), whitst the other hand single plant selection
would be inefficient for low repeatability traitsé a type of family selection would be
required. Good repeatability values were recoradedfain yield, plant height, ear height and
ears per plant for the late maturing testcrosséisarstudy. Large heritability for late hybrids
support direct selection for yield whilst the reseris true for early testcrosses. El-Badawy
(2011) postulated that high repeatability valuetidate the possibility of predicting the real
individual value with a relatively small number wieasurements. Therefore the knowledge
of the repeatability coefficient allows an efficiarse of resources and time in the evaluation

phase.

7.5 Conclusions

Testcross performance evaluation is critical irt thanables the breeder to screen and select
superior lines even at the early stages of recuselection. Significant differences amongst
the genotypes in both sets of trials for the majooif traits are an indication that there is
existence of variability that can be exploited dgrselection. However, existence of highly
significant G x E interaction is evidence that therformance of testcrosses was not
consistent across the production environments finereeomplicating the selection process.

Generally the best performing testcrosses werdifezhto be mostly constituted of DR&SS
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inbred lines K64r, RS61P and N3.2.3.3 with the CIMMdrought tolerant donors based on
DTPWC9. The best performing testcrosses includsttitesses from both the CIMMYT
group A (CML539/CML442) and group B (CML444/CML39t8sters. The information can
now be used in selecting segregating lines forh&rrtgeneration advancement. Highly
significant correlation of grain yield with importasecondary traits such as anthesis days
and anthesis silking interval under drought coodsi was recorded in the study. This
therefore means that these traits can be exploitdtie selection process instead of just
directly selecting for yielgber se. High and positive correlations of grain yield kvitars per
plant under drought conditions were recorded fathlsets of trials, however because of
small genetic variances, selecting for the traiy mat be effective. On the contrary, ears per
plant showed good repeatability, which means thtite trait is selected for there are higher
chances that similar results may be realised addia. genetic variances and repeatability
estimates for grain yield were low compared tot¢rauch as plant and ear height, which
implies that a slow genetic progress will be realisn terms of selecting for the trait.
Repeatability for grain yield for the late maturitestcrosses under drought conditions was
good, which therefore means that there are highanaes that the performance will be
consistent over years compared to the early mausstcrosses and the finding supports

direct selection.
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CHAPTER 8

Performance and yield prediction of three-way hybrds from drought

tolerant single cross hybrids

Abstract

Drought is one of the most limiting factors in meagroduction in Zimbabwe and the use of
poorly adapted varieties has been of great concra. objectives of this study were to
evaluate the agronomic performance of three-wayitglpredicted from drought tolerant
single cross hybrids and to investigate the caticriabetween the predicted and observed
means. Eleven single cross hybrids were crossaiffevent males using a North Carolina
Design 1. A total of 77 three-way hybrids were sgsfully produced. Hybrids were then
evaluated across three sites under optimum and gedndrought conditions in the 2011
winter season. Results revealed varied performahbgbrids for grain yield and other yield
related traits. Grain yield was significantly<®01) and negatively correlated with anthesis
days (r=-40) under drought conditions and there wdsndency that the earlier maturing
hybrids produced higher yields compared to ther lataturing hybrids. The correlation
between grain yield and ears per plant was sigmti¢<0.01) and higher under drought
conditions (r=0.76) compared to optimum conditiofse study further confirmed the utility
of anthesis silking interval as indirect selectionteria for grain yield under drought
conditions. However, the utility of ears per plavds not conclusive because of low genetic
variance and negligible broad sense heritabilityneges. A significant (F0.05) but weak
correlation (r=0.27) was obtained between the ptediand the observed grain yield means
and this could be explained by the epistatic agditant G x E interaction effects, which
were not taken into account in the prediction eiguatised. Results show that the three-way
hybrids with superior predicted yields can be eatdd in multi-location trials and superior
hybrids identified and released for commercial useThree  hybrids,
RA214P/CML538//RS61P, RS61P/CML444//CML538 and RS€ML444//CML539 were
identified as having superior performance. Howettegre is still need for further evaluation
of hybrids in multi-location advanced variety tsabefore considering them for release.
There is also a need to evaluate the hybrids uledemitrogen conditions as this was not

done in the current study.
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8.1 Introduction

Maize ranks first in terms of the number of hedtageown and total cereal production in
Zimbabwe. It is the staple food and an importarshcerop. Zimbabwe maize breeding has
been a success story over the years with hybrigdeyloeveloped for both small scale and
commercial production. The maize breeding progranmewelved through four phases,

namely, OPV, double cross hybrid, single cross idyband the three-way hybrid

development phases. The three-way hybrid phastedtar the late 1970s and the first three-
way hybrids, R201 and R215, were registered in 198&se two hybrids became very
popular with farmers but their weakness was they thiere not bred for drought tolerance as

a result they would succumb to drought.

The main maize production constraint in the couitag been the use of poorly adapted
varieties since most of the previous maize breedimgk was focusing on high input
environments. According to CIMMYT-Zimbabwe (2000nproved yields, variety yield
stability, pest and disease resistance, toleranadrdught and low soil fertility, generally
produce yield improvements of 30-50%. Breedingdbiotic stress tolerance (drought and
low N) is now being incorporated into the inbregeliand variety development process. The
expected genetic variance and predicted yield pialedecline from single, three-way,
double to top crosses (Cockerham, 1961). Perforena@luation trials performed by
Weatherspoon (1970) showed that single crossesezhdwgher grain yields followed by
three-way crosses, while the double crosses shtwezt grain yields. Single crosses result
in maximum hybrid vigour, but low seed yields obiad lines make the cost of single cross
hybrid seed prohibitive. Single crosses are moresiee or responsive to environmental
conditions, whilst stable high average vyield is ampnt for producer consistency in
performance across years and locations. Accordind\ltard and Bradshaw (1964) the
uniformity of single crosses causes a lack of pajah buffering as they possess only
individual buffering, whilst three-way crosses hdath population and individual buffering.

Maize breeders have continued to develop a largabeu of inbred lines to facilitate
efficient hybrid variety development and in recgaars this has been expedited by doubled
haploid technology (Seitz, 2005). Predicting thefgrenance of hybrids fromper se
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performance of their parental inbred lines hashewn effective due to masking dominance
effects (Smith, 1986; Hallauer, 1990). With mankreed lines it is often impractical to test
and compare all possible three-way cross hybrigs. commercial maize breeding
programmes, identification of single cross hybnwish superior yield performance is of
fundamental importance. Many methods of predicti@ve been proposed and some are
currently in use (Eberhart, 1964; Eberhart and Ger,dl966; Hinkelmann, 1968).

Predicting the performance of all hybrid combinatidetween a number of inbred lines is a
practical problem because the number of these awtibns usually exceeds the practical
limits of field evaluation. Questions arise, howe\as to the best methods of prediction and
the accuracy of predictions. In various studieskifeh method B (Jenkins, 1934), which
employs the mean of the non-parental single crospesved more suitable and is
consequently used in hybrid maize breeding for iptexh of three-way and double crosses
(Melchinger et al., 1987). The single crosses used for predictian articipated to have
originated from a comprehensive factorial matingigie. The number of single crosses is
considerably fewer and it is logical that they da@ used to estimate or predict the
performance of three-way cross hybrids. It is comrtw predict performance of three-way
hybrids from single cross test results (Melchingeal., 1987). However, results obtained
using the different methods did not always agrdgcgently with the observed values. In an
earlier study (Chapter 3) superior single crossridgbdeveloped using a NCDII were
identified and they are the ones used for predicthree-way hybrid performance in the
current study. Therefore the objectives of thisdgtwere to evaluate the agronomic
performance of three-way hybrids predicted fromesiqp drought tolerant single cross

hybrids and to determine the relationship betwéerobserved and estimated means.

8.2 Materials and methods
8.2.1 Germplasm

In the previous study (Chapter 3) 11 single crogwitls were identified in terms of good
SCA and 12 inbred lines were identified in termsgobd GCA effects (Table 8.1). The
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three-way hybrids were then constituted in thedfigding North Carolina Design I. A total of
77 three-way hybrids were successfully produced.

Table 8.1 Germplasm used in constituting the threesay hybrids

Single cross hybrids Code Inbred lines Code
K64r/CML444 SC1 NAWS5885 L1
K64r/CML537 SC2 CML442 L2
K64r/CML539 SC3 RA214P L3
N3.2.3.3/CML545 SC4 N3233 L4
N3.2.3.3/CML444 SC5 CML539 L5
NAWS5885/CML442 SC6 CML538 L6
NAW5885/CZL03007 SC7 CML548 L7
RA214P/CML538 SC8 CML545 L8
RA214P/CML548 SC9 CML444 L9
RS61P/CML444 SC10 RS61P L10
RS61P/CZL03007 SC11 CZL03007 L11
K64r L12

8.2.2 Evaluation sites
The three-way hybrids were evaluated under welkveat and managed drought conditions

across three sites namely Chiredzi, Chisumbanje Sawe Valley Research Stations. The
sites are as described in section 7.2.2.

8.2.3 Trial management

A 0.1 alpha lattice design was used in plantingttlas. Trials were planted in 4.0 m one
row plots with an inter-row spacing of 0.75 m angaw spacing of 0.25 m. Two seeds were
planted per station and later thinned to one pbantstation to achieve a plant population of
53 000 plants b4 Compound D basal dressing of 400 kg'hend ammonium nitrate
topdressing of 350 kg Hawvere applied to the crop. The topdressing was apjlied at four
and eight weeks after crop emergence. Dipterex QjE&ules were applied for stalkborer
control. Weed control was mainly done through haedding.
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8.2.4 Management of drought site

The crop was raised offseason (winter) throughudesof irrigation. Irrigation was applied in
such a way that drought at flowering was severeughdo delay silking and cause ear
abortion. Ideally anthesis silking interval shoalcerage about four to eight days and ears per
plant 0.3 to 0.7, whilst grain yield should be ardul-2 t hd (15-20% of well watered

yields) for a drought managed site.

8.2.5 Data collection

Data was collected for grain yield (tHadays to 50% anthesis, days to 50% silking, plant
and ear height (cm), root and stem lodging, ear sehescence, ear aspect and texture.
Derived traits such as ear position, ears per p&rd anthesis silking interval were

calculated. Traits were measured and derived agilded in section 3.2.4 (Table 3.2).

8.2.6 Statistical analysis

The data from individual sites was subjected to AMand later the analysis was combined
over locations using AGROBASE (2005). Broad-sensetdbility for traits was estimated
using the ANOVA components of variance procedursugested by Becker (1984) and as
described in sections 3.2.5 and 5.2.6.

The three-way hybrid prediction from the singlesses was done according to Fehr (1993).
TWCi23= %2 [SG3 + SGy)

Where: TWG. 3= predicted three-way cross mean

SCi3 = single cross mean between inbred line 1 anckthbne 3

SG3 = single cross mean between inbred line 2 anckthbne 3

Pearson correlation coefficients (r) amongst ttigeint traits were calculated from means
across environments. The statistical computatioasevperformed with SPSS 15.0 version
for Windows (2006).
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8.3 Results

8.3.1 Performance of hybrids under managed droughtonditions

Results presented are for the 10 best and 10 gdoybeds in terms of grain yield and the
means presented in the tables are for all entResults for all entries under optimum,
drought and combined environments are presenteddpgpendices 13-15. Sites were
significantly different (R0.001) for anthesis days, anthesis silking interpédnt and ear

height, root and stem lodging and senescence (Bab)e

Table 8.2 Analysis of variance for grain yield andother agronomic traits under
managed drought conditions in the 2011 winter seaso

Source DF GYD AD ASI PH EH EPP RL SL SEN
Site 2 6.32**  48134.59*** 170.096** 27497.19** 1435.64*** 0.166* 6438.63*** 6879.46*** 5.211***
Genotypes 84 1.21%*  18.89*** 17.82%** 480.80** 4826*** 0.051ns  156.70***  390.25***  0.010***
GxE 168 4.68* 2.84x+* 9.078ns 244.58** 142.38** 0.044ns 96.93* 189.65*** 0.006***
Residual 156 0.182 0.085 7.133 115.34 39.62 0.041 5.257 58.92 0.001

**P <0.001; **P<0.01; *P<0.05; GYD=grain yield; AD=anthesis days; ASI=anthes silking interval; PH=plant height; EH=ear
emvronment iteraction; DF—degrees of fleedom. o oo eseeneer Enmenvionment; © x Eegobype x
Genotypes were significantly different for all teaiexcept ears per plant. The G x E
interaction was significant for grain yield and rdodging (0.05), plant height 0.01)
and for anthesis days, ear height, stem lodging saméscence £0.001). The minimum
grain yield obtained under managed drought conttivas 0.68 t hhfrom genotype
013WH63 and the maximum yield was 2.89 t‘h&om two genotypes SC7//L5
and SCB8//L10 (Table 8.3). The ten best performiylgrids had mean yields above the trial
mean. Hybrids generally showed good anthesis gilkiterval with a trial mean of 2.6 days
and this is desirable under drought conditions. fidee and stem lodging trial means were
also indicative of good stand ability of hybridsieThumber of ears per plant was influenced
by a high level of barrenness amongst hybrids witkrial mean of 0.59. The poorest
performing hybrids generally had ear rot means Werte above the trial mean and hence
they had poor ear aspect scores. The Pearson'8ceaf of correlation showed that there
was significant (R0.01) correlation between grain yield and otheitdrauch as anthesis
days, anthesis silking interval, plant and ear lgigar position and ears per plant under
managed drought conditions (Table 8.4).

243



Table 8.3 Mean performance for grain yield and otheagronomic traits under managed drought in the 201 winter season

Entry GYD AD ASI PH EH EPO RL SL EPP ER SEN TEX EA
Ten Best hybrids SC7/Ls 289 63.3 2.8 178.3 78.0 0.43 10.6 19.8 0.76 54 5 0. 15 2.4
scsiLl0  2.89 63.9 1.2 174.7 101.0 0.53 11.1 5.1 0.65 160 5 0 27 3.3
SC3//L2 2.88 66.4 16 167.7 82.7 0.45 15.8 22.0 0.65 308 6 0 35 3.6
SC2/ILs 2.87 64.9 15 170.5 77.4 0.46 11.7 13.1 0.75 63 6 0. 1.0 2.7
SC10/Le  2.86 66.4 1.0 177.1 88.9 0.52 15 12.1 0.69 163 50 27 3.0
SC3/LL 2.63 65.2 5.4 176.3 81.3 0.41 8.0 122 0.56 2.9 5 0. 3.0 3.0
SC2/ILe 2.61 67.9 16 180.3 96.7 0.51 11.7 10.8 0.69 260 6 0 30 3.8
sC10/Ls 259 63.7 0.8 178.4 90.4 0.47 10.4 29.4 0.76 49 6 0. 30 3.2
CzHO616  2.57 64.7 4.0 174.8 85.8 0.50 6.3 9.9 0.69 11.4 05 3.0 2.9
023WH31 254 69.4 18 185.9 100.9 0.55 11.8 11.4 0.67 233 05 2.8 3.2
Ten Poorest hybrids ~ SC4//L9 ~ 1.27 67.6 3.0 165.9 108.2 0.60 17 8.6 0.42 406 5 0. 29 4.2
SC7/ILE 1.26 65.9 4.7 184.5 95.1 0.51 8.5 1.6 0.42 18.4 05 29 3.7
sceiLil 122 67.6 3.6 179.6 102.3 0.54 6.4 14.6 0.36 3.1 6 0 27 35
SC6/ILE 1.19 68.2 2.9 181.4 102.5 0.55 7.9 123 0.49 215 5 0 33 4.2
SC7/L4 1.18 65.7 5.9 195.1 103.0 0.52 9.8 5.6 0.39 341 5 0. 25 35
SC5//L2 1.15 69.6 6.3 187.5 98.1 0.51 8.7 9.0 0.41 27.0 05 4.1 4.1
scs/L11 = 0.83 68.9 2.6 168.5 117.7 0.65 0.2 7.3 0.37 268 6 0. 33 41
scio/4 ~ 0.83 68.1 7.4 190.5 107.3 0.56 6.8 11.9 0.26 480 5 0 34 4.2
scii/La  0.80 66.1 3.4 178.6 102.2 0.51 22.3 16.8 0.51 229 05 3.0 3.3
013WHe:  0.68 66.9 5.1 190.2 97.0 0.53 17.2 6.7 0.40 406 6 0. 39 43
Mean 1.95 66.0 2.6 175.5 945 0.52 13.1 13.7 059 662 0.6 3.0 35
'(‘555) 1.03 2.0 2.4 17.8 13.1 0.10 20.3 13.0 0.16 46.7 01 09 0.9
MSE 0.53 2.1 44 80.5 130.6 0.00 104.5 128.9 0.02 65111 0.0 0.2 0.4
Min 0.68 61.8 11 133.1 66.5 0.37 2.3 11 026 32 0.5 1.0 2.4
Max 2.89 70.6 7.4 198.5 117.7 0.70 50.7 33.6 083 804 0.7 41 4.6

GYD=grain yield; AD=anthesis days; ASl=anthesis sking interval; PH=plant height; EH=ear height; EPO=ear position; RL=root lodging; SL=stem lodging; EPR=ears per plant;
ER=ear rot; SEN=senescence; TEX=texture; EA=ear aggt; LSD=least significant difference; MSE=Mean sqgare error; Min=minimum; Max=maximum.
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Table 8.4 Pearson’s coefficient of correlation beteen grain yield and other agronomic

traits under managed drought conditions

GYD AD ASI PH EH EPO RL SL EPP ER
AD -0.40**
ASI -0.44** 0.30**
PH -0.288** 0.25* 0.32**
EH -0.45** 0.43** 0.28* 0.27*
EPC -0.33** 0.36** 0.1¢ -0.1C 0.78**
RL 0.1C -0.40** -0.1¢ 0.0t -0.0¢ -0.11
SL 0.17 -0.27* -0.32** -0.42** -0.40** -0.35** 0.05
EPP 0.76** -0.60** -0.65** -0.36** -0.52** -0.38** 0.24* 0.31**
ER -0.18 -0.13 0.03 0.02 0.10 0.13 -0.05 -0.02 0%.3
SEN -0.03 -0.24* -0.37** -0.17 -0.08 -0.01 0.27* 36 0.11 0.16

**P <0.01; *P<0.05; GYD=grain yield; AD=anthesis days; ASI=anthds silking interval, PH=plant height; EH=ear height; EPO=ear
position; RL=root lodging; SL=stem lodging; EPP=eas per plant; ER=ear rot; SEN=senescence.

The correlation was, however, negative with allsthéraits except ears per plant. A highly
significant positive (0.76) correlation of graineld with ears per plant was realised. Ear
position was significantly and positively correldt€0.78) with ear height. There was
negative and significant correlation of ears p@nphith ear rot. The genotypic variances
were lower than the phenotypic variances under getharought conditions and hence the
broad sense heritability estimates were also lovairGyield, stem lodging, ear height and
anthesis days had broad sense heritability estanagre above 0.50 (Table 8.5). Ears per

plant had low variances compared to all the othaitst and the broad sense heritability
estimate was negligible.
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Table 8.5 Genotypic and phenotypic variances andrbad sense heritability estimates

for measured traits under managed drought conditios

Trait o’ o’ h%s
AD 0.157: 0.185: 0.8t
ASI 0.0857 0.17¢ 0.4¢
PH 2.315¢ 4.71¢ 0.4¢
EH 3.33¢ 4.734¢ 0.71
EPP 0.000: 0.000¢ 0.14
RL 0.585¢ 1.536: 0.3¢
SL 1.966" 3.82¢ 0.51
SEN 0.00004: 0.000: 0.41
GYD 0.23¢ 0.45¢ 0.51

o’,=genetic variance; 6’>,=phenotypic variance; Hs=broad sense heritability; AD=anthesis days; ASl=athesis silking interval;
PH=plant height; EH=ear height; EPP=ears per plant;RL=root lodging; SL=stem lodging; SEN=senescenc&YD=grain yield.

8.3.2 Performance of three-way hybrids under optimm conditions

Environments were again significantly different falt traits (”0.001 and R0.01) under
optimum conditions (Table 8.6). Genotypes were iBgantly different (0.001) for grain
yield, anthesis silking interval, plant and eargihej ear position, ear aspect, ear rot, root and
stem lodging and texture and significantly gO®1 for anthesis days. The G x E interaction
was also significant for all traits. The best paricng genotype was SC9//LiGith a mean
yield of 4.79 t h& whilst the poorest performing hybrid was 013WHith a mean vyield of
1.95 t hd (Table 8.7).

The overall trial mean was 3.51 thand all ten best performing genotypes performenab
the mean. Genotypes generally outperformed thekchadeties. The ear position values
showed that genotypes had good ear placement anthélan was 0.55. The stand ability
properties of genotypes were good with root andnstedging means of 5.4 and 16.6
respectively. Prolificacy (ears per plant) alsoegpd to be good with a trial mean of 0.78
with SC9//L9 having a mean of 1.25 ears per pldie maturity of hybrids was more
inclined toward medium maturity with a trial meah @.8 anthesis days. The Pearson
correlation coefficient among traits showed a pesitand significant correlation between
grain yield and ear height, ear position and eargpfant (Table 8.8).
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Table 8.6 ANOVA for grain yield and other agronomictraits under optimum conditions in the 2011 winterseason

Source DF GYD AD ASI PH EH EPO EPP EA ER RL SL TEX

Site 2 108.59**  303.22** 117.531*** 315379.460*** 350.66** 0.141%*  0.291***  24.095**  286.024***  1829.290*** 19156.42***  40.687***
Genotypes 84 164.52***  50.56** 30.902*+*  500.838*** 363.80***  0.009***  0.039** 0.527*** 147.860***  185640*** 121.95%+* 0.895***
GxE 16€ 16.56** 21.78%*  26.264*** 171.971%* 140.59*  0.004***  0.036**  0.356*** 81.910%** 162.603*** 120.73*** 0.576***
Residual 156 0.035 10.65 15.702 40.375 2.70 0.001 .0250 0.131 24.980 24.462 56.86 0.150

**P <0.001; *P<0.01; DF=degrees of freedom; GYD=grain yield; AD=athesis days; ASI=anthesis silking interval; PH=plahheight; EH=ear height; EPO=ear position; EPP=earper
plant; EA=ear aspect; ER=ear rot; RL=root lodging; SL=stem lodging; TEX=texture; Env=environment; G XE=genotype x environment interaction.

Table 8.7 Mean performance of three-way hybrids fiograin yield and other agronomic traits under optimum conditions
in the 2011 winter season

Entry GYD AD ASI PH EH EPO RL SL EPP ER TEX EA
Ten best hybrids SC9//L10 4.79 69.9 21 162.9 90.9 0.57 34.6 17.8 0.66 15.4 6 3 4.1
SC10//L5 4.65 71.2 2.9 174.0 90.7 0.54 5.2 16.5 0.94 7.8 3.1 3.7
SC4//L10 4.64 70.8 14 171.2 103.1 0.60 12.0 9.6 0.75 8.6 7 3. 3.9
SC6//L10 4.64 71.2 2.0 176.5 98.3 0.56 30.4 7.6 0.83 8.6 3.8 3.8
SC8///L10 4.63 71.6 18 179.6 98.5 0.55 2.2 6.9 0.79 11.0 3.6 4.1
SC3//L8 4.63 69.7 4.0 157.6 82.2 0.52 0.9 20.2 0.84 2.8 3.3 3.8
SC11//L5 4.60 69.8 4.0 156.8 89.7 0.58 25 22.3 0.91 3.3 2.7 3.5
SC6//L5 4.58 73.6 0.9 187.0 104.2 0.56 9.7 9.8 0.69 12.1 7 3. 3.3
SC9//L9 4.52 75.1 0.7 177.7 99.6 0.57 2.3 43.4 1.25 6.5 4.8 2.6
SC1//L6 4.50 71.6 21 172.6 89.1 0.53 9.4 11.2 0.79 3.2 3.3 3.6
Ten poorest SC9//L12 2.61 72.0 1.0 165.2 80.5 0.49 14.0 16.3 0.79 25.2 8 3 4.4
hybrids 013WH63 2.56 72.4 -0.2 171.0 93.0 0.54 24.2 18.9 0.60 5.8 .8 3 4.6
SC3//L6 2.54 70.8 3.3 164.3 83.3 0.52 2.2 12.3 0.77 8.4 3.8 4.0
SC3//IL7 2.43 70.2 3.3 149.5 69.3 0.48 11 25.9 0.81 2.9 3.2 3.9
SC2//L3 2.37 71.6 18 174.2 83.6 0.49 0.2 21.9 0.85 18.6 9 3. 4.0
SC7//LA 2.36 73.2 0.3 185.2 104.5 0.58 38.7 20.3 0.65 9.7 .0 4 4.2
SC3//L1 2.24 69.7 7.0 171.0 88.0 0.52 3.7 20.4 0.84 21.6 9 3. 4.6
SC1//L5 2.20 71.3 3.8 158.3 81.3 0.52 5.6 194 0.90 10.2 0 3. 3.3
SC1//LA 1.99 72.7 0.0 178.1 100.3 0.57 26.4 16.6 0.66 18.3 4.2 4.6
013WHO01 1.95 74.7 0.5 183.8 106.6 0.59 31.1 10.6 0.65 7.6 .6 3 4.1
Mean 3.51 71.8 2.4 172.6 93.0 0.55 5.4 16.6 0.78 212 35 3.9
LSD 1.33 1.6 2.6 13.0 11.6 0.06 294 17.5 0.21 812. 0.7 0.8
MSE 0.90 2.0 1.7 128.8 101.5 0.00 218.8 154.1 0.02 413 0.3 0.4
Min 1.95 68.5 -0.6 149.5 69.3 0.48 11.5 2.3 0.51 11. 2.6 2.6
Max 4.79 75.2 7.0 190.7 116.4 0.66 57.8 43.4 1.25 712 4.8 4.7

GYD=grain yield; AD=anthesis days; ASI=anthesis siing interval; PH=plant height; EH=ear height; EPO=ear position; RL=root lodging; SL=stem lodging; EPR=ears per plant; ER=ear
rot; TEX=texture; EA=ear aspect; LSD=least signifiant difference (0.05); MSE=mean square error; Min=nnimum; Max=maximum.
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Table 8.8 Pearson’s coefficient of correlation ajrain yield with other agronomic traits

under optimum conditions

GYD AD ASI PH EH EPO RL SL EPP ER TEX
AD 0.0C
ASI -0.1z -0.64**
PH 0.02 0.59** -0.30**
EH 0.24* 0.47** -0.45** 0.65**
EPO 0.27* 0.17 -0.36** 0.11 0.80**
RL -0.17 0.10 -0.24* 0.02 0.17 0.23*
SL -0.1¢ 0.0C 0.1¢ -0.1€ -0.1¢ -0.11 -0.71
EPF 0.2z* -0.21 0.2¢ -0.2% -0.2% -0.12 -0.40* 0.38%
ER -0.34** -0.10 0.17 0.08 -0.09 -0.17 -0.10 0.05 0.14
TEX -0.27* 0.29** -0.10 0.31** 0.12 -0.09 0.10 0.08 -0.08 0.23
EA -0.48** -0.12 0.01 0.61 0.01 -0.01 0.10 -0.06 .31 0.38** 0.26*

**P <0.01; *P<0.05; GYD=grain yield; AD=anthesis days; ASI=anthes silking interval; PH=plant height; EH=ear height; EPO=ear
position; RL=root lodging; SL=stem lodging; EPP=eas per plant; ER=ear rot; TEX=texture; EA=ear aspect

The correlation of grain yield with ear rot, tedduand ear aspect was negative and
significant. The highest correlation of 0.86<(F01) was observed between ear height and ear
position. The heritability estimate for grain yieldder optimum conditions was 0.62 (Table
8.9). Other traits with heritability estimates abd®.50 were plant and ear height and ear
position. Traits such as ears per plant and rodtsdem lodging had negligible heritability

estimates.

8.3.3 Combined analysis

A combined ANOVA for optimum and managed droughtiemnments was done for grain
yield and other yield related agronomic traits (féa®.10). Environments, genotypes as well
as G x E interaction mean squares were signifi(Bn0.001) for all traits. The variance
components were estimated from ANOVA mean squaresrder to estimate heritability.
Generally the heritability estimates combined fibtraals were lower than estimates realised
under drought and optimum conditions separately fighest heritability estimate of 0.86
was realised for ear height and the lowest hetitpl@stimate of 0.19 for anthesis silking
interval (Table 8.11). Grain yield had negative amgnificant correlation with anthesis days,
anthesis silking interval and plant height. Therelation of grain yield with ears per plant
was positive and significant (0.59). The highessifpee and significant correlation was
realised for ear height and ear position (0.83p(@®&.12).
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Table 8.9 Genotypic and phenotypic variance estini@s and broad sense heritability of

the agronomic traits under optimum conditions

Trait o’ o’ hZ%
ASI 0.045¢ 0.30: 0.1t
PH 3.22¢ 4.91 0.6€
EPO 0.0001 0.0001 0.60
EPF 0.00000t 0.000: 0.0€
EA 0.0017 0.0052 0.33
ER 0.646¢ 1.449¢ 0.4t
RL 0.2258 1.82 0.12
SL 0.01z 1.195¢ 0.01
TEX 0.0031 0.0088 0.34
EH 10.62 13.32 0.79
GYD 0.0566 0.0917 0.62

¢’;=genotypic variance; ¢’,=phenotypic variance; Hs=broad sense heritability; ASI=anthesis silking inerval; PH=plant height;
EPO=ear position; EPP=ears per plant; EA=ear aspegctER=ear rot; RL=root lodging; SL=stem lodging; TEX=texture; EH=ear
height; GYD=grain yield.

Table 8.10 Combined analysis of variance for agromoic traits in the 2011 winter

season
Source DF GYD AD ASI PH EH EPO RL SL EPP
Site 2 3.37%* 25.83***  189.52%*  221531.61*** 4689.45*** 0.27*** 2879.91** 14157.11%*  1.09***
Genotype 84 0.93*** 1.17%* 26.81*** 790.67*** 829/ 9*** 0.04***  220.75** 323.64*** 0.09***
Treatment 1 5.44%** 8.66*** 301.99%*  26581.23*** 669.63*** 0.042 824.76*** 216.12%** 6.72%**
GxE 168 0.47**  0.62*** 16.77** 228.35%+* 147.56** 0.02%**  149.99*** 150.29*** 0.03***
ExT 2 26.14%*  27.56***  98.11*** 121345.05***  3148.83*** 0.035 21768.01**  878.77** 0.24%*
GxT 84 0.56*** 0.40%** 21.91%* 190.97*** 162.44** 0.02%**  121.59*** 188.57*** 0.04***
GXEXT 168  0.38%*  0.39%* 18.58*** 188.20*** 138.00*** 0.03***  109.55*** 160.09*** 0.03***
Residual 508 0.08 0.11 7.01 47.82 11.06 0.01 30.62 35.57 0.008

***P <0.01; DF=degrees of freedom; GYD=grain yield; AD=athesis days; ASl=anthesis silking interval; PH=plahheight; EH=ear
height; EPO=ear position; RL=root lodging; SL=stem lodging; EPP=ears per plant; Env=environment; G x Egenotype X
environment interaction; E x T=environment x treatment; G x T=genotype x treatment G x E x Y=genotype environment x
treatment.
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Table 8.11 Genotypic and phenotypic variances anfagtoad sense heritability for critical

agronomic traits in combined analysis

Trait 6% o’ h,
GYD 0.070¢ 0.150¢ 0.47
AD 0.088 0.1983 0.45
ASI 1.65 8.66 0.19
PH 61.9042 109.7241 0.56
EH 68.227! 79.287! 0.8€
EPO 0.0025 0.0125 0.20
EPP 0.0068 0.0148 0.46

6%=genotypic variance;s’=phenotypic variance; Hs=broad sense heritability; GYD=grain yield; AD=anthesis days; ASI=anthesis
silking interval; PH=plant height; EH=ear height; EPO=ear position; EPP=ears per plant.

In combined analysis genotype SC8//L10 was the fire$ormer with a mean yield of 3.76 t
ha' and the poorest performing genotype was 013WHG®I€78.13). The new three-way
hybrids generally outperformed the locally growmietes that were included in evaluations
as check varieties such as SC635 and SC513. Hydtisdkyed good stand ability properties

and good ear placement. The ear per plant mear66fv@as obtained in combined analysis
indicating that hybrids had good prolificacy.

Table 8.12 Pearson’s correlation coefficients amgn agronomic variables in the
combined analysis

GYD AD ASI PH EH EPO
AD -0.25*
ASI -0.39** 0.16
PH -0.27* 0.56** 0.35**
EH -0.07 0.51** 0.1c 0.65**
EPO 0.10 0.32** -0.76 0.21 0.83**
EPP 0.59** -0.59** -0.52** -0.57** -0.47** -0.25*

**P <0.01; *P<0.05; GYD=grain yield; AD=anthesis days; ASI=anthds silking interval, PH=plant height; EH=ear height; EPO=ear
position; EPP=ears per plant.
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Table 8.13 Mean performance of hybrids for grain jeld and other agronomic traits in combined analys in the 2011

winter season

Entry GYD AD ASI PH EH EPO RL SL EPP ER SEN TEX EA
Ten best hybrids SC8/IL10 3.76 68.5 13 1783 99.8 0.54 6.6 5.8 0.70 14.8 05 34 37
SC10/L6 3.68 69.5 11 169.5 90.7 0.54 4.2 10.9 0.71 138 5 0. 35 35
SC10/L5 3.62 68.2 13 175.1 90.6 0.51 26 242 0.83 5.6 06 3.1 3.4
SCA/LAC 3.58 67.7 1.4 170.9 101.3 0.58 225 3.2 0.74 191 6 0 37 37
SC2/L9 3.50 70.7 15 1815 96.3 0.54 0.1 128 0.72 225 6 0. 32 38
SC3/L8 3.44 66.9 12 159.6 82.0 0.51 38 23.2 0.66 1364 6 0 31 3.8
SC11/L5 3.39 67.4 16 160.3 92.1 0.53 75 26.1 0.75 155 6 0. 24 3.1
SCL/L6 3.36 70.1 15 1708 90.4 0.52 7.1 6.0 0.68 19.0 06 32 35
013WH2¢ 3.32 69.2 18 164.7 95.0 0.57 6.6 55 0.72 14.8 05 31 35
SC7/L5 3.31 67.1 2.9 167.3 78.9 0.48 03 20.6 0.80 8.4 05 23 3.2
Ten poorest hybrids ~ SC7//L3 2.19 69.1 4.8 178.4 90.2 0.50 11.7 5.2 0.51 194 5 0. 32 4.0
sca/Ll 2.09 69.0 6.6 181.0 91.6 0.51 123 9.0 0.56 354 6 0. 36 4.1
SC3/L6 2.08 68.9 15 167.1 80.9 0.50 6.4 15.0 0.65 118 6 0. 35 37
SC10//L4 2.08 72.4 5.5 190.1 109.7 0.59 9.9 155 0.43 373 50 36 4.0
SCLILT 2.05 70.0 25 166.0 86.1 0.50 23 26.0 0.61 126 6 0. 33 3.9
SC11//L4 1.91 70.2 2.9 1844 1041 0.56 38.1 19.0 0.56 196 0.5 35 36
SC1//L4 1.79 70.2 3.1 1813 98.2 0.54 14.0 12.7 0.58 285 6 0 39 3.9
SC7/L4 177 70.2 45 187.7 103.7 0.56 24.2 11.4 0.50 280 05 3.6 3.9
013WHO1 1.70 72.2 4.0 1875 107.9 0.57 195 7.0 0.46 321 6 3.3 3.6
013WHS: 1.62 70.2 3.8 175.8 95.0 0.54 20.7 116 0.48 319 6 3.9 4.4
Mean 2.73 69.5 25 1733 93.7 0.53 9.3 14.9 066 .023 06 3.4 37
LSD (0.05) 0.84 13 1.9 107 8.7 0.05 17.9 105 301 351 0.1 0.5 0.6
MSE 0.72 2.0 3.8 116.7 116.1 0.00 161.6 139.0 0.02 1248.7 0.0 0.3 0.4
Min 1.62 65.9 -0.2 148.1 75.8 0.46 0.1 2.0 0.43 24 05 2.3 2.9
Max 3.76 72.8 6.6 190.1 117.0 0.64 40.5 29.4 084 364 0.7 4.3 45

GYD=grain yield; AD=anthesis days; ASl=anthesis sking interval; PH=plant height; EH=ear height; EPO=ear position; RL=root lodging; SL=stem lodging; EPR= ears per plant;
ER=ear rot; SEN=senescence; TEX=texture; EA=ear agpt; LSD=least significant difference; MSE= mean sgpre error; Min=minimum; Max=maximum.
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8.3.4 Correlation between the predicted and obserdemean yield

The predicted mean yields were positively and $icgmtly (0.27) correlated with observed
mean Yyield although the correlation was relativetgall (data not shown). The predicted
means followed a similar trend with the observeamse(Figure 8.1). The arrow shows the
drop in yield within the predicted and observed nseahere yield drops as the graph
approaches the poorest performing hybrids. Théésih performing hybrids in the combined
analysis also had high predicted means compartek tpoorest performing hybrids.
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Figure 8.1 Predicted and observed mean yield fothe best 10 and poorest 10 hybrids

for combined environments.
PR=predicted; OB=observed.
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8.4 Discussion

Hybrid varieties evaluated in this study revealediad performance for yield and yield
components. The final grain yield is a functiortleé combined individual yield components,
which are likely to be influenced by genetic aslvwad environmental factors. The good
performance demonstrated by genotypes was an trafidhat they were able to adapt to the
environments in which they were evaluated. Restiitsefore suggest different genetic
backgrounds among hybrids studied, as was alscateti by Kharet al. (2002). This is
ideal as it provides an opportunity for selectimgnotypes based on their performance for the
different measured traits. In this study grain ¢ighder drought conditions was 55% of the
grain yield realised under optimum conditions alnid tvas equivalent to severe stress. The
new three-way hybrids were evaluated against checieties, which included the current
experimental hybrids and locally grown maize vagt The new hybrids generally
outperformed the check varieties both under droagktoptimum conditions. Three hybrids
namely RA214P/CML538//RS61P, RS61P/CML444//[CML588 S61P/CML444//
CML539 showed stable performance across differentdicions and were amongst the ten
best performing hybrids under drought, optimum a&odnbined analysis. This therefore
means that there is no yield penalty if good rdirdecurs in a drought prone area. Hybrids
outperformed the locally grown varieties such a$¥Cand SC513 and also outperformed
the recently released hybrid from the national progne, 013WH63. RA214/CML538//
RS61P outperformed the check varieties SC635, S@AH#ID13WH63 by 1.7%, 19.5% and
88.9% respectively whilst RS61P/CML444//CML538 by.Z26, 43.8% and 127.2%
respectively and RS61P/CML444//CML539 by 20.2%44d and 123.5% respectively. The
results show that there was a significant progressle in terms of producing superior
hybrids.

The maturity range of hybrids in the study was yedd medium and displayed short
anthesis- silking intervals. The environmental méaranthesis-silking interval ranged from
-0.2 to 6.6 and results are similar to results rigggbby Betraret al. (2003) and Salant al.
(2007). The shortened anthesis-silking intervaleosd in this study is desirable and
according to Edmeades al. (1993) low anthesis-silking intervals enhancezmdblerance

to stresses during flowering and ensures good ditaing. Results in this study showed that
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hybrids had low root and stem lodging means, wican indication of good stand ability
properties. The ability of maize hybrids to withredaroot and stem lodging at optimum plant
populations is vital to obtaining high harvestapields. Prolificacy (ears per plant) ranged
from 0.51-1.25 under optimum conditions to 0.2630ulder drought conditions. Betran

al. (2003) and Dererat al. (2008) also reported reduced ears per plant uddmught
conditions. Salamet al. (2007) reported no prolificacy since none of thdivars evaluated
had ears per plant exceeding one. Decreased nwhkears per plant may occur as a result
of failure of fertilisation caused by large antlsesilking intervals or increased rate of kernel

abortion due to water stress (Westgate and Bass@a0).

Significant negative correlation between grain ¢iehd maturity under drought conditions
was observed and there was a tendency for hybiiitissivorter maturity periods to produce
higher grain yield. This might have been due to gherter growing period where the later
maturing hybrids needed a longer growing seasondiiferent developmental stages. In
some cases earliness is associated with drougapests hybrids tend to reach the grain
filling stage before being severely stressed. Gndbntrary Salamét al. (2007) reported
negative and non-significant correlation betweesirgyield and days to 50% anthesis. The
effectiveness of stress around flowering and therotling of drought intensity are important
in order to reveal genetic variability for anthesilking interval and ears per plant. Grain
yield under drought conditions showed strong catieh with anthesis-silking interval (-
0.44) and ears per plant (0.76). Similar resultseweported by Bolanos and Edmeades
(1996), Betraret al. (2003) and Magorokosha al. (2003). In this study, the correlation of
grain yield with anthesis-silking interval and eg@ey plant became stronger under drought
conditions and increased from -0.13 and 0.22 rés@dyg under optimum conditions to -0.44
and 0.76 respectively under drought conditions. séheesults further confirm that
anthesis- silking interval and ears per plant aeful secondary traits to select for grain yield
under drought conditions but that they are lessuligender optimum conditions. Positive
correlations between yield and ears per plant apeaed because yield is a dependent
variable of ears per plant. The importance of sdapntraits in screening germplasm for
drought tolerance has been determined by obseiy@mgtic correlations with grain yield
(Betranet al., 2003).

254



Heritability estimates provide guidelines for thevdlopment of effective breeding strategies
(Smalleyet al., 2004). In this study lower broad sense heritgbdstimates for grain yield
(0.47) than for ear (0.86) and plant (0.56) heigbhte recorded. Results are consistent with
previous findings by Hallauer and Miranda (1988) &malleyet al. (2004). Traits that are
more closely related to reproductive fitness haweel heritability and grain yield is critical
to reproductive fitness in maize whilst ear andhpleeights are considered of less importance
to reproductive fitness. Broad sense heritabilgmeates for grain yield decreased from 0.62
under optimum conditions to 0.51 under drought doorgs, whilst broad sense heritability
estimates for anthesis silking interval increagednf0.15 under optimum conditions to 0.49
under drought conditions. Heritability of 0.51 fgrain yield under drought was large and
this implies that direct selection would be effeetiSimilar results were reported by Rosielle
and Hamblin (1981) and Magorokosteb al. (2003). These results further confirm the
importance of anthesis silking interval as a seaoptrait used to increase grain yield when

selecting under drought conditions.

The performance of three-way cross hybrids canrbdigted from single cross hybrids that
have been evaluated in as many environments aghleeam this study the correlation
between the predicted and observed means wasisanibut the correlation was weak. This
might have been due to significant G x E interactiOtsukaet al. (1972) found that G x E
interaction affected the correlation of observed predicted performance much more than
did epistatic effects. The epistatic and G x Eraxd@on effects were not considered during
yield prediction of the three-way hybrids in thtsdy. Otsukeet al. (1972) also showed that
heritability of three-way crosses was higher thaa t¢orrelation between the genotypic and
predicted three-way cross values probably becatigpistasis. Contrary to results obtained
in this study Melchingeet al. (1987) reported high (0.86) correlation betwedss piredicted
and observed three-way cross means. Results staivhh three-way hybrids with superior
predicted yields can be evaluated in several enmients and superior ones released for
commercial use. Genetic gain can be increased ghremploying higher selection intensity
among the predicted hybrids (Melchingerl., 1987).
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8.5 Conclusions

Generally the performance of hybrids indicated tthety have good genetic potential, as
some showed high yield performance and good pedooe in other traits. Three hybrids,
RA214P/CML538//RS61P, RS61P/CML444//CML538 and RE€ML444//CML539 were
identified to have better performance comparedherohybrids. However, there still exists a
need for further evaluation of these hybrids oargédr scale in advanced variety trials before
considering them for release. There also existsea o evaluate hybrids under low nitrogen
conditions as well. The amount of genetic variamezijtability and genetic correlation with
grain yield determine the relative usefulness aosdary traits such as ears per plant and
anthesis silking interval as indirect selectiorntesra for grain yield. This study therefore
identified the potential of anthesis silking intahas an indirect selection criterion for grain
yield under drought stress conditions. The usefidrd# ears per plant as an indirect selection
criterion for grain yield under drought conditiom&s not convincingly determined in this
study due to low genetic variance and a negligindgitability estimate. The low and
negligible heritability estimates for ears per plamght have been an indication that the trait
was influenced by environmental factors. Howevaitakility for grain yield under drought
conditions was larger relative to secondary trsitish as ears per plant hence direct selection
would be the most appropriate. Results have shdahthe number of three-way hybrids
handled by a breeding programme can be reducedrdnlicing their performance from
superior single cross hybrids followed by evalugiinem in multi-location trials to identify

superior hybrids for release.
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CHAPTER 9

General conclusions and recommendations

Since maize is the staple food crop in Zimbabwe, dbuntry requires 1.8 million ton for
consumption and 300 000 ton as national strateggerve per annum. However, biotic
(insect pests and diseases) and abiotic (drougtitlamn nitrogen) stresses pose many
challenges for maize production in the country. €tap is produced by large and small scale
commercial as well as communal farmers. The cominseetor is, however, the largest
producer of maize in the country. The yield of neaiz the communal sector has remained
below 0.5 t ha and the sector is faced with major challenges,raysibthem occurrence of
dry spells, unavailability of inputs and poorly pted varieties. Therefore germplasm
improvement for drought tolerance remains a higbrjy in the country. The Zimbabwe
National Breeding Programme under the DR&SS hasmeaad with CIMMYT in producing
drought tolerant maize varieties. Drought tolerarsceequired for farmers to achieve high
and stable maize yields, especially for the comrtaraners who are mostly located in the
drier parts of the country. This study was thusdumted to (i) estimate combining ability
and heterosis for grain yield and other agronomaitst between DR&SS and CIMMYT
white maize inbred lines under stress and nonsstes/ironments, (i) analyse G x E
interaction and stability of single cross hybrids §rain yield, (iii) examine genetic diversity
among DR&SS and CIMMYT white maize inbred linesngsmorphological traits and SNP
markers, (iv) assess the relationship between edetersity of DR&SS and CIMMYT
parental inbred lines and performance, heterosis and SCA effects of hyluit$er abiotic
and optimal environments, (v) estimate test-crasfopmance of Fsegregating populations
developed from CIMMYT drought tolerant donors an®&5S elite inbred lines under
drought and optimal conditions and (vi) estimategrenance and yield prediction of three-

way hybrids from drought tolerant single cross Iygr

Outputs from the study indicated that an averag@l@29% MPH and 76.40% HPH were
realised across environments and was an indicafidhe potential of these inbred lines for
hybrid development. The negative heterosis (-5.1®HVand -7.4% HPH) for days to

anthesis was an indication that hybrids were gathenpared to their parental inbred lines.

259



Significant positive correlations and regressiomsenrecorded for SCA with MPH, HPH and
per se performance of hybrids under optimum and drougimdtions. Results imply that an
improvement in selection for SCA, which is a goaddictor of grain yield, will result in
indirect improvement of MPH and HPH under both wptn and drought conditions. The
HPH and MPH also showed significant positive asgam and linear regression along with
high coefficient of determination witlper se performance of hybrids especially under

drought conditions.

Pearson’s correlation coefficients between graieldyiand anthesis silking interval were
smaller under optimum conditions and they becammgetaunder drought and low N
conditions. A strong and negative correlation adilgryield and anthesis silking interval
under stress conditions showed that genotypes vaijative anthesis silking interval would
also have good grain yield performance. Reduceategative anthesis silking interval under
stress environments is desirable as silking delay been seen as the cause for poor
pollination and grain filling in maize. Similarlyé relationship between grain yield and ears
per plant became stronger under stress environnfeositive and strong correlation of grain
yield and ears per plant under stress environnstrd®ed that genotypes with a high number
of ears per plant would also have high grain yi@&esults confirmed ears per plant and
anthesis silking interval as important secondaaitgrto select for under stress environments.
Therefore these two traits can be used togethen witin yield in selecting superior
genotypes under stress environments. Anthesis ways negatively correlated with grain
yield under both drought and low N. Early maturiggnotypes tended to produce higher
yields as stress did not coincide with their calkistage of development. Results have shown
that selection for earliness in the breeding pnogna have produced genotypes that perform
well under short rainy seasons or where mid-sedspspells coincide with flowering of late
maturing genotypes. In some cases genotypes thatiped well under optimum conditions
also performed well under drought conditions bug thas not always true. It is thus critical
for the programme to focus on breeding for vargetieat are drought tolerant and also

perform well under optimum conditions.
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The genetic variability of lines was studied usmgrphological data and SNP markers. Both
methods indicated that there was variability amoiiges. UPGMA cluster analysis based
on morphological data grouped lines into five austmainly based on grain yield, anthesis
days, anthesis silking interval and plant heigiNPSmarkers grouped lines into two major
groups and a number of subgroups. Within subgragose lines clustered in accordance
with known heterotic groups and pedigree relatigggshDR&SS and CIMMYT have been
using heterotic groups based on combining abilitydies from diallel and NCDII
experiments over the years. Morphological traitgehiaeen used in defining heterotic groups.
These heterotic groups have proved to be useflighslevels of heterosis have been realised
from crossing lines from different defined groups.a result a number of good hybrids have
been registered and availed to farmers for prodoctNew testers that have been identified
can be used together with the old testers in ptiedicheterotic groups. However to
complement the currently used method, SNP markersatso be used in further defining the
heterotic groups. Information generated using SN#Pkers can confirm the existing groups
or can assist in defining new groups that couleétiise not be possible to define using only
morphological traits. The National Breeding Prognaenis recommended to use both
morphological and SNP markers in defining efficiant effective heterotic groups in order

to maximise on utilisation of existing and newlyaced germplasm.

Therefore superior germplasm identified in thisdgtican be put into use in germplasm
improvement for stress environments. Lines RS61RAWHES885 (from DR&SS) and
CML444, CML539, CML442, CML537 and CML548 (from CNWT) were identified as
having desirable GCA effects under both drought lwd N conditions. The single cross
RS61P/CML444 was identified as a potential testar the SC heterotic group, whilst
2N3d/CML548 was identified as a potential testertfie N3 heterotic group. The testcrosses
containing lines derived from DR&SS lines K64r, RB6 NAWS5885, SC5522 and
CIMMYT drought tolerant donors based on DTPWC9 wamongst the best performing
testcrosses in early and late maturing trials undesught, optimum and across
environments. Three-way cross hybrids namely RA2ZZNR538//RS61P, RS61P/CML444
//ICML538 and RS61P/CML444//CML539 were identifieslleaving superior performance.
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The two single crosses identified as potentialetsstvere also identified as the most stable
genotypes across test environments. Therefore dlienal programme can now engage in
validation studies for these testers before they @sed in predicting heterotic groups.
Identification of good single cross hybrids withogoSCA effects and lines with good GCA
effects proved to be an important intervention flioe breeding programme. The single
crosses and inbred lines were used to produce -tmgehybrids which showed good
performance under both optimum and drought con@tioBy doing so the breeding
programme has managed to produce final productsirvé short space of time. Results
revealed that additive and non-additive gene effeetre important in expression of traits.
However, non-additive gene action assumed a mop®ritant role in expression of grain
yield and secondary traits (anthesis silking irdérears per plant and senescence) under both
drought and low N conditions. Exotic germplasm vtashermore acquired from CIMMYT
Mexico and used to enhance the National BreediogrBmme germplasm. By doing this, a
segregating population was developed to facilitleelopment of new inbred lines. Early
testcrossing has been used to assist in selectipgrisr segregating lines for further
generation advancement. Genetic variances andigegans for plant and ear height were
generally higher than those for other traits. Gragld had a repeatability value of 0.41 for
late maturing testcrosses and good repeatabilityegavere also recorded for plant and ear
height and ears per plant. It is important for bdieg programmes to constantly acquire
germplasm from other breeding programmes to impm@vegenetic diversity and enhance

quality of breeding material.

Finally it is recommended that the national programutilises lines identified as having
good GCA as parental lines in the hybrid breedimggmmme. Genetic relationships
determined using morphological and SNP data wilthier assist breeders in identifying
divergent parents and designing an effective ongsgrogramme. ldentified single cross
testers can be used in grouping new inbred lineshaterotic groups, however there exists a
need to validate testers through further combirahiity studies before they can be put to
use in the breeding programme. The information gead from testcross evaluation will
assist breeders in selecting segregating linesfddher generation advancement until

homozygosity is attained. The identified three-vagdprids can be included in multi-location
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national advanced variety trials before they anesitered for release. There is also need to
evaluate the testcrosses and the three-way hybndesr low N conditions. With the current
climate change, improving germplasm for drougherahce is an important intervention
therefore the National Breeding Programme willia hear future be able to register drought

tolerant lines and hybrids as products of thistud
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SUMMARY

Breeding for drought and low N tolerant genotypes dimbabwe is an important
intervention that will see the country curbing tbed in-security problem. Both CIMMYT
and DR&SS maize germplasm was used in this stualywils conducted in Zimbabwe in
the 2009/10 and 2010/11 seasons. Evaluations vegre ander optimum, drought and low
N conditions. One of the objectives was to estin@mbining ability and heterosis for
grain yield and other agronomic traits of white neainbred lines under stress and optimal
environments. Line x tester analysis of 23 inbiiadd identified RS61P, NAW5885 (from
DR&SS) and CML444, CML539, CML442, CML537 and CML&S4from CIMMYT) as
having desirable GCA effects under both droughtlamdN conditions. Additive and non-
additive gene effects were important in the expoessf traits across all environments;
however non-additive gene effect assumed a moreriaqt role in the expression of traits
under stress environments. The single crosses RShME44 and 2N3d/CML548 were
identified as potential testers for the SC and NBelotic groups respectively. In the
analyses of G x E and stability using AMMI and G@Giglot the same single crosses were
identified as the most stable. There were threeaneayironments identified within the test
environments and Agricultural Research Trust farte svas the most powerful in
discriminating genotypes. Genetic diversity amoniygt 23 inbred lines was examined
using 14 morphological traits and 1 129 SNP mark&€he morphological data revealed
variability amongst inbred lines that could be npatated through selection and
hybridisation. Variability was further substant@tesing PCA where the overall diversity
could not be explained by a few eigenvectors aednthjor contributors were grain yield,
texture, ear aspect, common rust, GLS and anthésys. Euclidean and Rogers’
dissimilarity matrices based on morphological améPSdata respectively clustered lines
related by pedigree together in some cases. ThedgéN&ogram had a high goodness of fit
value (r=0.87) compared to the morphological degdrm, which showed that it grouped
the lines efficiently, although at times it was motagreement with the known heterotic
grouping that was previously established usingetestThe assessment of correlation
between genetic distances,gerformance, heterosis and SCA revealed signifipasitive

correlations and regressions between SCA, MPH, HRdtper se performance of hybrids.
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The HPH and MPH also showed significant positiveoagtion and linear regression along
with high coefficient of determination witber se performance of hybrids, especially under
drought conditions. Correlations of genetic disewith MPH and HPH were too low to
be of predictive value. An average of 112.29% MPld @6.40% HPH were realised across
environments and this was an indication of the e of these inbred lines for hybrid
development. The segregating lines at Btage were testcrossed to group A
(CML539/CML442) and B (CML444/CML395) testers anektcrosses containing lines
derived from DR&SS lines K64r, RS61P, NAW5885, S€&m5mnd CIMMYT drought
tolerant donors based on DTPWC9 were generally gsidhe best performing testcrosses
in early and late maturing trials. Three-way hybpierformance was predicted from 11
single cross hybrids and results showed that thee significant but weak correlation
between the predicted and the observed grain yieddns and this could be explained by
epistatic and significant G x E interaction, whialere not taken into account in the
prediction equation. Three-way cross hybrids ideyatias having superior performance
under drought and well-watered conditions incluB&®14P/CML538//RS61P, RS61P/
CML444//CML538 and RS61P/CML444//CML539. Howevdrete is still need to evaluate

these hybrids under low N conditions before thaylma recommended for release.

Key words: combining ability, genetic diversity, heterosis.
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OPSOMMING
Die ontwikkeling van genotipes vir Zimbabwe wat agte en lae N tolerant is kan ‘n
belangrike bydrae maak om die probleem van voeelsgldeit aan te spreek. Beide
CIMMYT en DR&SS mieliekiemplasma is in hierdie si®dyebruik wat uitgevoer is in
Zimbabwe in die 2009/10 en 2010/11 seisoene. Doewe is uitgevoer onder optimum,
droogte en lae N toestande. Een van die belangrdatlwitte was om kombineervermoé
en heterose vir graanopbrengs en ander agronomiesskappe van wit mielie ingeteelde
lyne onder stremmings en optimale toestande tedbepgn x toetser analise van 23
ingeteelde lyne het RS61P, NAW5885 (van DR&SS) &nL&44, CML539, CML442,
CML537 en CML548 (van CIMMYT) geidentifiseer as ¢ymet die beste GCA effekte
onder beide droogte en lae N toestande. Beideiadditen nie-additiewe geeneffekte was
belangrik by die uitdrukking van eienskappe oor almgewings; maar nie-additiewe
geeneffekte was meer belangrik by die uitdrukkingan v eienskappe onder
stremmingstoestande. Die enkelkruise RS61P/CML442N3d/CML548 is geidentifiseer
as potensiéle toetsers vir die SC en N3 heterogjesgpe onderskeidelik. In die analise van
G x E en stabiliteit met die gebruik van AMMI en E&®iplotte is dieselfde enkelkruise as
die mees stabiel geidentifiseer. Daar was drie reggewings binne die toetsomgewings
en die “Agricultural Research Trust” plaas omgewiwgs die mees effektief om te
onderskei tusssen genotipes. Genetiese divetsigsin die 23 ingeteelde lyne is ondersoek
met die gebruik van 14 morfologiese eienskappe #39LSNP merkers. Die morfologiese
data data het variasie tussen ingeteelde lyne gevatsgemanipuleer kan word deur
seleksie en hibridisasie. Variasie is verder begeset die gebruik van PCA waar totale
variasie nie verklaar kon word deur enkele eigetoreknie, en waar die meeste variasie
verklaar is deur graanopbrengs, tekstuur, kopaspekpne roes, GLS en dae tot antese.
Euklidiese en Rogers se matrikse van verskille ggdr op morfologiese en SNP data
onderskeidelik het in sommige gevalle die lyne gegeer volgens stambome. Die SNP
dendrogram het die hoogste akkuraatheid (r=0.87%poge in vergelyking met die
morfologiese dendrogram, wat gewys het dat lynek&#f gegroepeer is, alhoewel dit
soms nie in ooreenstemming was met bekende hetseogroeperings wat vroeér bepaal is
met toetsers nie. Die evaluasie van korrelasiesetugienetiese afstande, [prestasie,

heterose en SCA het betekenisvolle positiewe kasielen regressie tussen SCA, MPH,
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HPH enper se prestasie van basters getoon. Die HPH en MPH wé#sbetekenisvol
positief geassosieér en liniére regressie sowéah asé koeffisiént van bepaling is gesien
met die per se prestasie van basters, veral onder droogtetoestadrrelasies van
genetiese afstande met MPH en HPH was te laag aonspellingswaarde te hé. ‘n
Gemiddeld van 112.29% MPH en 76.40% HPH is gesien amgewings. Dit is ‘n
aanduiding van die potensiaal van hierdie ingetélthe vir basterontwikkeling. Die
segregerende 3F lyne is getoetskruis met groep A (CML539/CML442n &8
(CML444/CML395) toetsers en toetskruise van lynkoafstig van DR&SS lines K64r,
RS61P, NAWS5885, SC5522 en CIMMYT droogtetolerantenkers gebasseer op
DTPWC9 was oor die algemeen die beste presterayetsktuise in die vroeé en laat
rypheidstyd proewe. Drierigting basterprestasieva®rspel vanaf 11 enkelkruise en
resultate het getoon dat daar betekenisvolle naaakdrrelasies was tussen die voorspelde
en die werklike graanopbrengs. Dit kon verklaardvdeur die epistatiese en betekenisvolle
G x E interaksies wat nie in ag geneem is in dieorspellingsformule nie.
Drierigtingkruisbasters wat geidentifiseer is watebgoed presteer het onder beide droogte
en optimum toestande, was RA214P/CML538//RS61P 1REEML444//CML538 and RS
61P/CML444//ICML539. Dit is egter nog steeds nodig bierdie basters onder lae N

toestande te evalueer voor hulle aanbeveel kan woxadlystelling.

Sleutelwoorde:kombineervermoé, genetiese diversiteit, heterose
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Appendices

Appendix 1 Single cross hybrids produced

Entry Pedigree

1 N3233-B/CML536

2 CML395-B/N3233-B
3 CML442-B/N3233-B
4 CML442-B/CML539

5 CML444-BB/N3233-B
6 CML537/N3233-B

7 CML538/N3233-B

8 CML539/N3233-B

9 CML548/N3233-B

10 CML545/N3233-B

11 CZL03007/N3233-B
12 SC5522-B/CML536
13 CML395-B/SC5522-B
14 CML444-BB/SC5522-B
15 CML545/C5522-B

16 CZL03007/SC5522-B
17 2Kba-B/CML444-BB
18 CML395-B/2Kba-B
19 CML442-B/2Kba-B
20 CML537/2Kba-B

21 CML538/2Kba-B

22 CML539/2Kba-B

23 CML545/2Kba-B

24 CZL052/2Kba-B

25 CZL03007/2Kba-B

26 K64r-B/CML312-B

27 K64r-B/CML536

28 K64r-B/CZL052

29 CML395-B/K64r-B

30 CML442-B/K64r-B

31 CML444-BB/K64r-B
32 CML537/K64r-B

33 CML538/K64r-B

34 CML539/K64r-B

35 CML548/K64r-B

36 CML545/K64r-B

37 CZL052/K64r-B

38 CML442-B/NAW5885-B
39 CML444-BB/NAW5885-B
40 CML537/NAW5885-B
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Appendix 1 72 single cross hybrids produced

41
42
43
44
45
46
47
48
49
5C
51
52
53
54
55
56
57
58
58
60
61
62
63
64
65
66
67
68
69
70
71
72

CML538/NAW5885-B
CML539/NAW5885-B
CML548/NAW5885-B
CML545/NAW5885-B

CZL03007/NAW5885-B

CML395-B/2N3d-B
CML442-B/2N3d-B
CML444-BB/2N3d-B
CML537/2N3d-B
CML538/2N3d-B
CML539/2N3d-B
CML548/2N3d-B
CML545/2N3d-B
CML395-B/RS61P-B
CML442-B/RS61P-B
CML442-B/CML537
CML444-BB/RS61P-B
CML537/RS61P-B
CML538/RS61P-B
CML539/RS61P-B
CML548/RS61P-B
CML545/RS61P-B
CZL03007/RS61P-B

RA214P-B/CML444-BB

CML395-B/RA214P-B
CML442-B/RA214P-B
CML537/RA214P-B
CML538/RA214P-B
CML539/RA214P-B
CML548/RA214P-B
CML545/RA214P-B
CZL03007/RA214P-B
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Appendix 2 Performance of genotypes for grain yiel and other agronomic traits across 14 environments the 2009/10
and 2010/11 seasons

ENTRY GYD AD ASI PH EH RL SL EPP ER GLS RUST ET SEN
t ha d d cm cm % % # % 1-5 1-5 1-5 1-10
74 5.62 75.3 14 266.7 138.6 5.7 5.0 0.80 8.4 15 31 2.2 1.9
61 5.31 69.7 0.6 230.7 119.5 11.0 3.7 0.92 5.0 2.7 1.0 15 21
57 4.94 72.4 15 240.5 133.3 6.9 6.7 0.91 5.2 1.6 01 2.6 1.9
54 4.89 70.2 1.6 242.2 138.7 8.3 4.6 0.87 6.9 21 9 0 18 1.9
48 4.88 73.0 11 267.9 147.0 7.7 3.7 0.96 8.1 3.9 4 1 11 1.8
63 4.78 69.8 1.2 227.3 1211 19.4 6.7 0.85 4.7 1.3 1.0 1.6 21
52 4.76 71.0 1.0 244.4 125.3 9.4 18 0.86 12.7 3.1 13 2.0 2.2
79 4.74 75.1 0.9 243.3 135.6 5.4 55 0.83 4.4 1.9 01 15 1.8
45 4.74 70.2 1.9 239.6 122.5 7.7 7.9 0.84 6.3 2.7 01 15 21
68 4.69 70.7 15 235.5 114.6 10.0 0.6 0.89 7.4 1.8 1.0 15 2.3
10 4.6¢ 69.€ 1.z 235.2 124 5.t 2. 0.8z 7.€ 3. 1.C 2.2 2.C
72 4.63 69.9 -0.3 229.0 112.0 6.5 31 0.93 4.6 15 1.0 15 2.1
34 4.63 66.7 0.2 213.8 101.2 11.9 15.7 0.94 5.8 3.0 1.0 21 2.2
38 4.6: 69.1 24 242.¢ 1214 7.2 7.1 0.8¢ 54 34 11 2.C 1.7
60 4.62 66.9 0.5 223.7 117.8 7.7 31 0.98 6.6 2.7 9 0 15 2.0
7 4.61 70.C 2.C 244 120.: 10.7 5.€ 0.71 8.3 1. 0.c 1€ 2.C
58 4.61 69.4 15 226.4 113.5 8.6 5.7 0.95 5.0 2.2 01 1.9 1.9
59 4.56 69.3 0.0 220.6 119.2 2.6 8.4 0.88 6.9 1.4 9 0 2.3 21
70 4.55 72.9 3.0 244.1 128.4 4.5 4.8 0.73 8.3 1.6 01 11 1.9
8 4.49 69.8 1.8 236.2 122.3 11.5 7.0 0.90 4.8 4.2 9 0 17 2.3
51 4.48 70.3 0.8 237.4 115.7 11.2 7.6 0.84 8.1 3.6 1.0 16 2.0
62 4.47 68.0 0.0 2295 125.3 10.0 2.7 1.00 8.8 1.4 0.9 11 1.9
5 4.41 73.0 15 250.4 138.7 12.7 13.1 0.79 7.3 3.4 11 2.3 2.0
47 4.41 71.3 0.8 2425 120.3 6.8 7.6 0.85 8.2 4.3 51 21 1.8
77 4.32 72.3 1.6 235.9 116.5 13.0 -0.6 0.82 9.7 1.9 0.9 2.2 21
4 4.30 70.0 15 217.8 105.4 20.8 35 0.99 5.6 2.7 31 21 2.1
27 4.29 711 -0.4 241.1 119.6 12.1 3.3 0.82 7.2 25 14 2.0 1.9
28 4.28 68.3 11 227.9 114.7 10.7 5.7 0.86 4.8 17 17 3.0 2.2
26 4.27 69.8 1.2 235.2 122.2 3.8 3.2 0.88 7.2 1.9 9 0 1.6 2.0
78 4.27 72.6 15 241.2 1221 7.3 4.9 0.79 7.9 2.0 01 25 1.9
31 4.21 71.7 1.2 239.9 126.6 13.1 51 0.82 10.3 25 15 2.2 2.0
71 4.18 69.2 0.5 232.9 115.9 7.7 1.9 0.89 9.3 2.3 9 0 11 2.2
6 4.17 71.6 1.6 254.1 130.1 7.6 15 0.83 10.2 3.7 01 2.0 2.2
32 4.1t 69.1 0.€ 232.1 113.¢ 13.7 2.2 0.8¢ 6.2 3.z 11 2.7 2
1 4.12 72.1 1.7 253.6 138.3 4.3 5.8 0.90 6.3 21 6 1. 2.0 2.0
80 4.10 70.5 13 229.9 110.6 55 2.6 0.84 3.8 17 01 2.0 1.8
3 4.0¢ 70.1 24 246. 123.% 17.1 7.7 0.84 5.2 3.€ 1.2 1t 21
16 4.08 72.0 1.0 244.7 130.3 6.6 14.5 0.85 7.8 2.6 0.9 21 2.0
55 4.07 70.4 0.5 232.6 126.9 7.7 2.9 0.96 5.2 2.6 0 1 2.2 1.7




Appendix 2 Performance of genotypes for grain yieléind other agronomic traits across 14 environments the the 2009/10 and
2010/11 seasol

ENTRY GYD AD ASI PH EH RL SL EPP ER GLS RUST ET SEN
t ha d d cm cm % % # % 1-5 1-5 1-5 1-10
11 4.07 70.1 2.0 2453 128.2 24.7 16.9 0.81 6.1 1.8 1.3 1.6 2.3
49 4.05 72.3 1.8 248.0 126.6 5.3 9.1 0.95 9.3 3.4 .01 1.9 2.2
15 4.04 70.4 0.7 235.9 126.4 7.2 0.4 0.89 7.3 2.0 11 1.7 2.3
36 4.03 66.9 -0.1 228.1 111.8 9.7 4.1 0.90 11.7 2.2 1.2 2.0 21
35 4.02 69.1 1.2 230.1 108.8 10.7 6.2 0.86 6.0 2.3 1.2 1.9 25
66 4.01 72.2 2.3 239.5 116.5 9.3 0.1 0.82 6.8 18 01 2.0 2.2
19 4.01 68.1 13 231.2 1135 13.5 4.5 0.85 6.3 3.7 1.6 21 1.9
67 4.01 735 1.8 256.2 1311 7.8 11 0.88 8.2 2.3 11 1.9 2.3
9 3.99 70.4 15 237.9 125.4 12.5 9.8 0.83 10.5 3.3 1.0 17 2.3
21 3.9¢ 68.2 11 233.1 114.2 10.2 4.C 0.8 5.€ 1.2 1.C 14 21
22 3.97 66.6 0.7 230.2 1141 10.2 4.4 0.89 4.6 3.0 1.0 1.0 2.3
20 3.96 69.3 1.4 233.7 120.6 13.3 2.2 0.83 8.4 2.4 0.9 14 2.2
53 3.9t 69.€ 0.1 240.¢ 127.2 6.7 13.C 0.92 11.2 4.1 0.c 2.C 2.z
46 3.91 72.9 1.9 261.8 135.9 14.5 11.0 0.88 9.2 2.8 11 2.4 2.3
76 3.90 69.0 13 240.0 119.3 10.1 0.9 0.99 6.1 2.4 1.2 15 2.0
33 3.8¢ 68.2 0.C 219. 108.z 12.¢ 4.C 0.7¢ 7.7 2.2 1.C 2.8 2.C
65 3.88 74.9 2.8 258.7 138.5 12.9 5.8 0.75 5.1 2.0 11 25 21
40 3.85 72.4 1.9 241.1 118.7 13.2 3.3 0.80 12.0 2.3 0.9 1.0 2.0
44 3.8t 68.€ 2 241.¢ 117.¢ 7.1 3.¢ 0.717 8.4 24 1.1 1€ 1.¢
2 3.83 713 2.2 249.2 138.1 16.4 9.9 0.69 15.5 3.7 1.6 2.7 2.2
30 3.81 68.3 0.8 224.0 1121 10.5 2.0 0.86 8.0 3.8 1.2 25 21
75 3.81 72.0 2.0 2535 120.1 7.3 8.1 0.93 5.4 2.3 51 13 2.0
43 3.74 72.1 2.7 240.9 1241 8.1 4.4 0.81 9.5 1.7 41 11 2.2
64 3.69 75.4 15 259.5 138.1 0.7 5.9 0.86 7.4 14 21 14 2.0
41 3.67 71.0 1.9 245.4 122.7 11.4 8.5 0.76 8.9 2.9 0.9 18 1.9
23 3.62 66.7 0.4 227.5 117.4 10.7 9.0 0.88 9.0 2.1 1.3 2.3 2.1
25 3.61 68.4 11 229.1 111.0 13.6 13.3 0.77 6.9 2.0 1.0 2.2 2.4
24 3.59 66.7 0.8 228.2 116.7 10.9 4.8 0.87 7.5 2.7 1.0 17 2.2
56 3.50 714 1.8 224.2 104.3 14.1 9.0 0.83 55 3.0 1.0 15 2.1
13 3.49 72.7 2.0 253.2 137.8 19.6 6.7 0.68 8.3 2.4 1.9 2.8 2.2
42 3.49 68.2 2.2 229.0 105.4 8.8 1.7 0.81 11.2 2.5 1.3 0.9 2.2
69 3.48 717 1.6 1914 91.6 6.2 20.8 0.72 7.3 2.6 01 1.0 2.4
18 3.45 71.0 1.7 249.4 133.7 1.9 6.6 0.86 6.4 2.3 4 1 1.9 2.3
39 3.41 714 0.7 251.1 132.2 6.C 0.7 0.87 8.2 3.2 1t 1C 1.7
50 3.41 70.7 15 232.2 116.2 14.7 3.3 0.69 12.7 3.1 1.3 1.6 2.2
14 3.28 75.6 2.6 257.7 142.8 7.0 11.4 0.74 6.1 1.6 1.2 1.8 1.9
37 3.07 68.4 0.4 222.¢ 107.¢ 17.c 14.5 0.7C 9.C 1.7 11 18 2.2
73 291 72.3 4.2 250.8 136.2 20.7 2.9 0.55 13.2 2.7 1.2 2.0 2.3
12 2.79 73.7 2.4 2515 134.7 16.2 4.7 0.70 7.1 2.9 1.0 21 2.2
29 2.31 71z 2 238.C 127.c 18.¢ 21.t 0.74 9.8 2.8 1.z 2.7 2.C
17 2.29 74.4 2.8 239.8 124.9 16.3 11.9 0.67 5.9 1.9 1.4 1.2 2.0
Mean 4.07 70.6 1.4 238.5 122.4 10.3 6.1 0.84 7.6 5 2. 11 18 21
LSD 0.68 0.9 0.9 10.1 8.0 9.2 11.0 0.11 4.4 0.9 0.5 0.9 0.4
MSE 1.04 2.9 2.1 285.0 163.4 129.1 60.6 0.02 35.0 50 0.1 0.2 0.1
Min 2.29 66.6 -0.4 191.4 91.6 0.7 -0.6 0.55 3.8 1.3 0.9 0.9 1.7
Max 5.62 75.6 4.2 267.9 147.0 24.7 21.5 1.00 15.5 3 4 1.9 3.0 2.5

GYD=grain yield; AD=anthesis days; ASl=anthesis skiing interval; PH=plant height; EH=ear height; RL=r oot lodging; SL=stem lodging; EPP=ears per plant; R=ear rot; GLS=grey leaf spot; RUST=common rust; EFleaf
bliaht turcicum: SEN=senescenc LSD=least siarificant difference: MSE=mean sauare error: Min=minimum: Max=maximum.
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Appendix 3 Performance of genotypes for grain yieléind other agronomic traits across optimum sites ithe 2009/10 and

2010/11 seasons

ENTRY GYD AD ASI PH EH RL SL EPP HC ER GLS RUST ET
t ha' d d cm cm % % # % % 1-5 1-5 1-5

74 7.86 73.1 0.6 296.5 1485 4.9 5.0 0.97 22.4 45 1.5 1.3 2.2
68 6.79 67.8 0.1 257.1 120.6 10.0 0.6 0.95 5.2 7.3 1.8 1.0 15
57 6.63 70.0 0.5 262.5 1425 11.1 6.7 1.00 111 2.7 1.6 1.0 2.6
48 6.63 69.2 0.5 291.1 151.6 6.0 3.7 1.08 8.7 9.2 9 14 1.1
61 6.62 67.5 0.1 247.8 1205 13.1 3.7 0.98 19.3 7 3. 2.7 1.0 15
7 6.61 67.5 1.0 266.5 122.7 9.8 5.6 0.86 8.8 6.5 8 0.9 1.8
79 6.5¢ 71.F 0.5 264.¢ 141.( 9.C 5.5 0.9¢ 3.2 3.4 1.€ 1.C 1E
5 6.54 69.6 0.7 272.4 142.7 10.8 13.1 1.01 13.1 2.9 3.4 1.1 2.3
51 6.52 67.1 0.9 265.6 116.9 8.0 7.6 0.98 16.0 7.3 3.6 1.0 1.6
52 6.45 68. 0.2 261.¢ 125.¢ 6.C 1.8 0.9t 24.¢ 4.4 3.1 2 2.C
45 6.34 67.3 0.6 259.6 124.8 5.7 7.9 0.94 22.4 1.4 2.7 1.0 15
4 6.30 67.5 0.8 233.3 107.2 17.2 35 1.07 15.8 2.6 2.7 1.3 2.1
60 6.17 64.% 0.5 240.¢ 118. 9.7 3.1 0.9¢ 17.4 4.€ 2.7 0. 1k
72 6.09 67.3 0.4 247.8 116.9 8.4 31 1.02 215 3.0 15 1.0 15
47 6.06 68.5 0.6 267.1 123.6 2.7 7.6 0.96 215 7.7 4.3 15 2.1
10 6.05 66.3 0.2 262.1 122.6 43 25 0.91 14.6 7.8 3.3 1.0 2.2
8 6.05 67.4 1.0 257.7 131.4 8.1 7.0 0.96 6.3 3.0 2 0.9 17
38 6.02 66.0 1.8 264.1 119.9 6.4 7.1 0.92 18.3 3.9 3.4 1.1 2.0
49 6.00 68.6 0.7 265.1 131.2 7.7 9.1 1.16 17.8 5.6 3.4 1.0 1.9
54 5.98 67.3 1.4 259.7 137.6 8.7 4.6 0.95 6.3 1.2 1 0.9 1.8
77 5.95 69.5 0.6 257.4 124.4 12.3 -0.6 0.84 16.3 1 0. 1.9 0.9 2.2
28 5.94 64.7 0.9 248.7 117.1 8.7 5.7 0.93 3.0 3.1 7 1.7 3.0
26 5.91 66.9 0.1 253.9 126.3 05 3.2 1.01 215 45 1.9 0.9 1.6
70 5.89 69.5 1.6 273.4 131.2 2.1 48 0.93 18.7 3.1 1.6 1.0 1.1
34 5.89 63.9 0.4 233.9 108.2 8.1 15.7 0.99 15.7 9 5. 3.0 1.0 2.1
58 5.87 66.1 0.7 243.3 117.6 10.1 5.7 1.03 15.2 1.9 2.2 1.0 1.9
62 5.81 64.5 0.3 240.5 124.7 11.3 2.7 1.03 15.1 3 6. 1.4 0.9 1.1
71 5.7¢ 66.C 0.1 246.¢ 117.( 6.C 1.8 0.9¢ 8. 6.2 2.7 0.¢ 1.1
9 5.74 66.6 1.0 264.6 127.6 11.4 9.8 0.96 155 5.2 3.3 1.0 1.7
76 5.73 66.0 0.8 264.1 125.0 11.3 0.9 1.18 11.2 7.5 2.4 1.2 15
43 5.7¢ 69.£ 15 259.: 127.¢ 0.6 4.4 0.97 29.4 3.7 1.7 1.4 1.1
6 5.65 68.9 0.7 275.3 131.1 9.1 15 0.96 12.8 48 7 1.0 2.0
1 5.64 69.0 1.3 281.0 139.9 5.4 5.8 0.92 4.3 3.8 1 1.6 2.0
27 5.6< 68.C -1.1 260.F 127.1 10.¢ 3.3 0.8¢ 10.7 4.1 2.E 1.4 2.C
80 5.56 67.0 0.3 250.6 117.2 5.7 2.6 0.93 4.2 1.9 7 1.0 2.0
67 5.55 70.6 0.8 282.6 136.2 11.2 1.1 1.04 15.4 7.1 2.3 1.1 1.9
63 5.57 67.€ 0.2 251.: 122.F 25.2 6.7 0.97 5.4 2.4 1.3 1.C 1.€
40 5.52 68.7 1.3 270.5 1295 17.0 33 0.91 25.1 6.1 2.3 0.9 1.0
16 5.52 69.1 0.1 266.2 128.1 6.9 14.5 0.98 14.2 4.8 2.6 0.9 2.1
59 5.50 66.5 0.1 238.8 1223 05 8.4 0.85 195 5 4. 1.4 0.9 2.3
78 5.48 69.1 0.9 263.8 121.3 4.9 4.9 0.94 175 4.1 2.0 1.0 25
31 5.44 68.8 0.4 268.7 136.2 17.0 51 0.89 25.6 9.9 2.5 15 2.2
11 5.40 66.9 1.6 264.3 134.6 30.7 16.9 0.87 9.7 35 1.8 1.3 1.6
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Appendix 3 Performance of genotypes for grain yiel and other agronomic traits across optimum sitesni the 2009/10 and
2010/11 seasons

ENTRY GYD AD ASI PH EH RL SL EPP HC ER GLS RUST ET
t/ha d d cm cm % % # % % 1-5 1-5 1-5

3 5.38 67.5 1.4 268.2 124.9 13.8 7.7 0.94 5.3 5.7 9 1.2 15

53 5.28 67.2 -0.8 264.3 124.4 15 13.0 1.12 34.0 1 9. 4.1 0.9 2.0

44 5.28 65.6 0.9 267.9 118.8 9.0 3.9 0.87 18.3 25 2.4 11 1.6

32 5.26 65.9 -0.4 250.5 107.9 114 2.2 0.94 12.0 8 4. 3.2 11 2.7

66 5.22 69.4 1.4 264.0 119.7 49 0.1 0.89 9.3 5.0 .8 1.0 2.0

46 5.17 70.0 1.0 281.5 142.7 13.3 11.0 0.93 17.7 4 7. 2.8 11 2.4

75 5.09 69.3 0.7 272.1 127.0 10.6 8.1 1.08 3.4 3.7 2.3 15 1.3

65 5.05 72.0 2.3 281.2 143.0 14.6 5.8 0.90 7.0 2.7 2.0 11 25

15 5.03 67.4 0.1 258.8 129.7 6.3 0.4 0.97 9.5 5.7 .0 11 1.7

42 4.9¢ 65.2 0.8 250.¢ 109.¢ 11.1 1.7 0.94 18.1 2.€ 2. 2 0.€

35 4.98 66.6 0.0 246.6 108.8 16.9 6.2 0.93 14.6 3.8 2.3 1.2 1.9

2 4.96 68.7 1.9 278.4 140.9 18.5 9.9 0.81 7.1 9.9 7 1.6 2.7

36 4.91 63.¢ -0.2 249.: 116.5 8.7 4.1 0.94 14.2 12.C 2.2 1.2 2.C

64 4.86 72.9 1.1 277.1 142.4 3.2 5.9 1.01 5.9 7.3 4 1.2 14

19 4.82 65.2 0.7 249.7 114.3 155 4.5 0.93 8.8 5.6 3.7 1.6 2.1

39 4.81 68.1 .2 276.¢ 132.¢ 6.3 0.7 0.9C 15.7 8.1 3.8 1.t 1.C

14 4.79 72.7 2.1 285.6 156.3 13.9 11.4 0.88 3.5 5.7 1.6 1.2 1.8

33 4.78 65.4 -1.0 237.0 105.9 8.8 4.0 0.85 7.6 6.2 2.2 1.0 2.8

41 4.71 68.£ 14 268.2 125.( 7.8 8.t 0.8t 9.1 8.¢ 2.¢ 0.€ 1.8

21 4.75 65.5 0.3 252.7 115.8 7.3 4.0 0.84 2.9 5.0 3 1.0 14

50 4.73 67.2 0.6 255.8 118.9 7.6 3.3 0.85 16.6 7.7 3.1 1.3 1.6

69 4.71 68.7 0.3 209.7 96.2 8.3 20.8 0.87 35 4.3 .6 1.0 1.0

24 4.71 63.9 0.1 248.8 119.3 3.9 4.8 0.96 4.5 4.3 7 1.0 1.7

20 4.64 66.6 0.9 249.8 122.8 7.7 2.2 0.88 194 49 2.4 0.9 1.4

55 4.63 67.4 0.2 254.1 1315 6.3 2.9 0.97 13.0 2.2 2.6 1.0 2.2

56 4.56 68.0 1.0 242.5 110.2 3.6 9.0 0.97 35 3.4 .0 1.0 15

25 452 65.7 -0.3 250.8 111.3 16.5 13.3 0.82 4.2 3 3. 2.0 1.0 2.2

13 4.49 70.2 1.6 276.6 136.1 20.3 6.7 0.85 5.8 4.8 2.4 1.9 2.8

23 4.46 63.8 -0.1 249.9 1195 4.5 9.0 0.92 16.1 912. 2.1 13 2.3

30 4.44 65.4 -0.1 246.1 110.1 6.9 2.0 0.86 16.1 5.9 3.8 1.2 25

22 4.33 64.3 0.1 250.0 120.2 12.1 4.4 0.92 16.5 3.0 3.0 1.0 1.0

73 4.26 68.9 3.0 278.2 142.7 23.7 2.9 0.66 9.0 7.7 2.7 1.2 2.0

18 4.17 68.8 0.6 270.5 134.1 -1.1 6.6 0.98 22.1 6.8 2.3 14 1.9

37 3.67 65.2 0.1 240.¢ 111.¢ 25.2 145 0.87 7.€ 6.7 1.7 1.1 1.8

12 3.54 70.4 0.9 282.9 137.1 17.3 4.7 0.78 3.7 4.1 2.9 1.0 2.1

17 3.10 71.2 1.6 270.4 125.2 14.0 11.9 0.90 19.5 2 8 1.9 14 1.2

29 2.91 67.¢ 2.1 257.7 129.] 17.¢ 21t 0.81 7.C 6.1 2.& 3 2.7
Mean 5.39 67.7 0.6 260.2 1255 9.9 6.1 0.94 13.0 3 5. 25 11 1.8
LSD 0.99 1.2 1.0 145 9.4 14.0 11.0 0.12 9.6 4.2 9 0.5 0.9
MSE 1.24 2.1 14 263.7 112.6 147.6 60.6 0.01 92.1 341 0.5 0.1 0.2
Min 2.91 63.8 -1.1 209.7 96.2 0.46 -1.1 -0.6 0.66 21 1.3 0.9 0.9
Max 7.86 73.1 3.0 296.5 156.3 0.59 30.7 215 1.18 291 4.3 1.9 3.0

GYD=grain yield; AD=anthesis days; ASl=anthesis sing interval; PH=plant height; EH=ear height; RL=r oot lodging; SL=stem lodging; EPP=ears per plant; i€=husk cover; ER=ear rot; GLS=grey leaf spot;

RUST=common rust; ET=leaf blight turcicum; LSD=leag significant difference; MSE=mean square error; Mihn=minimum; Max=maximum.
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Appendix 4 Performance of genotypes for grain yiel and other agronomic traits

across managed drought sites in the 2009/10 and 2011 seasons

ENTRY GYD AD ASI PH EH RL EPP SEN
t ha d d cm cm % # 1-10
52 3.26 98.0 1.1 236.9 121.6 55 0.95 3.7
27 3.07 95.8 0.9 216.6 100.7 0.2 1.07 3.3
19 3.01 91.7 1.9 230.5 105.7 0.7 0.90 3.2
38 3.01 94.6 3.0 2229 110.3 7.5 0.92 2.9
59 2.84 94.8 0.1 210.4 102.3 35 0.91 3.8
36 2.79 90.6 0.7 215.9 98.2 0.6 0.96 3.6
61 2.79 94.1 1.9 230.1 114.4 2.3 0.97 3.6
66 2.77 98.7 4.4 220.8 105.7 5.2 0.84 3.9
3 2.74 97.1 3.0 228.5 119.4 314 0.79 3.7
30 2.71 93.7 1.3 226.4 112.9 2.1 0.96 35
55 2.65 95.9 0.5 221.1 111.9 0.5 0.99 3.1
34 2.64 90.2 0.4 195.6 83.5 3.4 1.08 3.8
63 2.62 925 0.9 201.7 100.4 0.7 0.92 3.7
35 2.55 93.6 1.3 220.3 102.4 0.5 1.07 45
60 2.51 89.4 0.8 196.0 93.3 0.6 0.97 3.4
2 2.50 96.0 0.1 223.6 117.3 0.4 0.59 3.7
74 2.50 104.8 1.9 236.7 108.8 0.5 0.42 3.3
79 2.49 104.7 0.7 233.5 121.2 7.8 0.72 3.1
11 2.47 95.6 0.4 231.0 108.4 12.6 0.85 3.9
62 2.46 925 0.7 215.3 116.2 0.8 1.06 3.3
16 2.45 97.6 1.6 2325 125.1 2.0 0.94 35
33 2.44 92.7 0.2 220.7 111.3 -1.8 0.99 3.4
58 2.43 92.7 2.8 206.7 96.7 0.7 0.85 3.2
10 2.41 95.0 1.7 224.4 114.2 0.1 0.81 35
22 2.39 88.4 1.0 224.1 108.0 2.7 0.86 3.9
70 2.38 100.0 25 228.1 116.4 1.0 0.59 3.3
29 2.35 97.8 4.4 233.4 115.6 28.0 0.85 3.4
54 2.33 94.9 15 227.4 117.0 0.6 0.82 3.4
72 2.31 95.2 2.8 211.7 100.7 13.6 1.04 3.6
40 2.28 98.8 2.6 222.0 97.1 -1.8 0.88 3.4
28 2.28 94.5 0.1 227.1 118.4 -1.4 0.94 3.7
32 2.24 93.3 2.9 222.0 97.4 -1.9 0.90 4.0
24 2.23 88.9 1.2 2155 99.6 0.5 0.88 4.0
77 2.21 101.0 1.9 216.8 89.0 18.5 0.81 3.6
23 2.15 89.3 1.1 218.2 108.0 4.8 0.95 3.6
18 2.14 94.9 2.9 230.3 115.7 -1.6 0.76 4.0
31 2.09 98.7 1.0 219.6 108.4 1.8 0.86 3.4
21 2.05 93.5 2.1 220.8 108.1 7.4 0.81 3.6
9 2.04 96.0 1.3 2247 119.7 0.1 0.73 4.0
25 2.04 90.0 0.9 216.8 96.3 3.3 1.06 4.1
41 2.04 98.5 1.1 227.8 120.1 1.3 0.62 3.2
26 2.04 95.9 2.1 213.0 93.5 12.5 0.90 35
5 2.03 101.5 2.4 241.3 129.8 10.7 0.38 3.4
67 2.03 100.7 2.3 238.7 117.4 0.6 0.73 4.0
48 1.99 102.5 0.8 260.3 148.3 6.5 0.97 3.1
76 1.99 93.3 2.3 217.5 101.3 7.8 0.85 3.4
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Appendix 4 Performance of genotypes for grain yieléind other agronomic traits across

managed drought sites in the 2009/10 and 2010/1lsens

ENTRY GYD AD ASI PH EH RL EPP SEN
t hat d d cm cm % # 1-10
46 1.99 100.9 2.0 239.9 114.6 4.7 0.86 4.0
6 1.98 101.4 1.9 235.5 126.3 7.6 0.49 3.8
15 1.95 94.7 1.7 226.4 107.4 2.9 0.92 4.2
47 1.95 97.5 1.7 230.7 114.0 43 0.69 3.1
75 1.94 97.7 4.6 232.8 105.1 0.6 0.66 35
45 1.92 96.9 1.3 230.7 116.7 3.3 0.73 35
44 1.91 92.7 2.8 2149 107.2 -0.8 0.73 3.3
37 1.91 90.6 2.4 206.5 97.6 4.9 0.68 3.7
12 1.87 97.3 3.8 229.6 114.2 9.5 0.55 3.8
39 1.84 99.1 05 227.3 1191 0.4 1.49 2.9
4 1.83 95.2 1.7 209.9 91.7 1.3 0.63 3.7
1 1.83 99.8 3.0 230.2 121.2 -1.0 1.28 35
20 1.80 94.6 1.4 216.9 109.0 -0.9 0.93 4.0
50 1.79 96.5 2.1 228.9 1145 16.0 0.58 3.8
49 1.78 101.4 1.4 234.8 117.3 109 0.40 3.8
78 1.78 101.1 1.5 238.0 119.0 3.2 0.51 34
57 1.78 97.9 2.1 2125 101.4 1.2 0.72 3.2
42 1.77 91.0 3.8 200.5 82.7 -2.6 0.78 3.9
7 1.71 96.4 3.7 2255 113.6 16.5 0.36 35
8 1.71 95.4 2.8 220.5 104.0 195 0.69 3.9
53 1.69 96.7 0.1 2345 133.3 0.4 0.94 3.7
64 1.63 104.1 2.2 233.5 122.0 -0.2 0.57 3.6
71 1.47 94.2 0.5 2315 94.5 0.4 0.88 3.8
80 1.42 96.1 1.7 2149 100.2 1.4 0.67 3.0
17 1.40 102.3 4.5 214.2 115.9 194 0.30 3.5
68 1.40 96.8 4.0 219.3 102.1 11 0.76 41
65 1.36 102.8 3.9 238.7 120.6 0.4 0.19 3.8
43 1.36 97.7 3.6 2324 111.7 5.6 0.67 3.9
13 1.35 97.7 0.1 238.2 112.6 4.5 0.10 3.8
14 1.18 104.0 1.2 2379 114.1 6.4 0.43 3.3
51 1.17 97.2 1.0 227.6 104.3 9.5 0.68 3.5
73 1.15 99.2 5.8 247.4 124.2 -0.7 0.21 4.0
56 1.04 99.3 2.8 209.3 96.1 23.3 0.44 3.7
69 0.59 95.6 29 166.9 66.4 -3.1 0.30 4.1
Mean 2.09 96.4 1.7 223.7 109.3 45 0.77 3.6
LSD 0.92 2.6 2.3 20.9 23.0 15.7 0.45 0.73
MSE 0.42 3.3 2.8 220.0 267.5 62.5 0.05 0.3
Min 0.59 88.4 28 166.9 66.4 3.1 0.10 2.9
Max 3.26 104.8 5.8 260.3 148.3 31.4 1.49 4.5

GYD=grain yield; AD=anthesis days; ASlI=anthesis siing interval; PH=plant height; EH=ear height; RL=r oot lodging; EPP=ears per plant;

SEN=senescence;

LSD=least significant difference; S$E=mean square error; Min=minimum; Max=maximum.
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Appendix 5 Performance of genotypes for grain yiel and other agronomic traits across low nitrogen $es

ENTRY GYD AD ASI PH RL EPP ER
t ha' d d cm % # %
76 0.81 71.4 4.7 210.9 2.6 0.76 8.8
16 0.77 73.4 5.9 228.0 1.9 0.56 12.6
3 0.7¢€ 71.E 10.7 217. 2.0 0.7¢€ 10.1
1 0.75 73.4 4.6 222.3 0.8 0.79 11.7
54 0.73 73.7 4.1 210.4 5.0 0.70 24.6
61 0.7% 70.7 2 177. 7.2 0.7¢€ 9.3
8 0.72 70.3 6.8 217.1 -1.0 0.78 125
78 0.71 74.1 7.9 192.3 6.3 0.65 27.9
57 0.68 73.6 8.6 221.9 1.7 0.79 16.2
26 0.67 70.4 6.3 239.7 3.1 0.71 26.0
39 0.67 73.8 44 238.9 -15 0.67 18.4
75 0.67 74.2 7.7 247.7 5.8 0.70 15.7
59 0.65 70.6 1.2 192.1 2.1 0.86 20.0
24 0.64 69.6 48 211.4 3.6 0.64 125
53 0.62 71.0 5.6 220.7 16.2 0.52 12.8
60 0.61 69.2 5.8 228.7 2.2 0.94 7.1
34 0.60 69.5 7.6 195.0 0.3 0.79 14.1
47 0.60 73.2 3.4 2145 5.4 0.64 11.6
36 0.60 71.4 1.1 215.2 0.4 0.77 16.7
7 0.59 71.7 8.9 222.6 0.8 0.82 25.1
14 0.5¢ 76.€ 10.€ 211.¢ -15 0.57 15.F
77 0.57 71.3 7.6 214.9 6.1 0.56 9.6
80 0.5€ 74.C 9.1 229.7 -1.9 0.77 115
4 0.55 71.4 7.3 204.4 5.9 0.82 27.3
42 0.54 71.4 6.9 205.8 0.8 0.65 48.8
72 0.5¢ 71.C 5.7 207. 1.8 0.6¢ 12.¢
64 0.54 75.7 45 268.8 1.4 0.62 10.1
55 0.54 72.4 3.3 206.4 1.1 0.87 15.9
62 0.53 71.7 2.9 227.4 -38 0.76 14.4
46 0.53 74.4 10.3 264.1 5.3 0.72 15.8
18 0.52 73.3 6.5 228.6 0.3 0.70 17.4
48 0.52 77.3 8.7 2515 5.4 0.78 8.8
23 0.51 70.6 2.9 189.8 2.2 0.79 175
65 0.50 775 8.7 248.4 3.6 0.67 9.2
27 0.50 74.1 0.6 218.3 -1.0 0.58 8.6
17 0.50 76.7 8.4 200.5 17.9 0.50 15.8
79 0.50 78.5 45 228.2 6.0 0.71 9.3
28 0.50 711 4.0 221.0 8.3 0.78 13.4
40 0.50 75.0 7.3 207.6 4.6 0.55 32.9
71 0.50 72.7 4.1 218.9 0.3 0.70 9.8
68 0.49 72.7 8.1 226.9 7.9 0.73 9.0
21 0.49 70.1 6.4 204.9 10.6 0.71 7.4
19 0.48 713 3.9 198.0 12.3 0.68 10.9
58 0.4¢ 73.C 6. 223.( -3.0 0.8C 8.¢
41 0.47 72.8 7.0 212.0 19.8 0.56 22.4
15 0.46 73.7 3.7 2133 15 0.66 126
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Appendix 5 Performance of genotypes for grain yiel and other agronomic traits across low nitrogen $es

ENTRY GYD AD ASI PH RL EPP ER
t hat d d cm % # %
74 0.46 75.1 9.8 266.9 5.3 0.68 16.3
66 0.46 71.7 8.6 205.1 9.6 0.68 14.2
13 0.43 74.8 9.7 212.9 35.7 0.54 19.6
20 0.43 70.7 6.7 217.9 33.3 0.62 29.9
63 0.42 70.7 8.0 1915 25.4 0.61 139
38 0.41 70.8 6.2 207.2 2.7 0.77 14.4
35 0.39 70.6 10.0 221.1 1.0 0.65 19.7
49 0.39 73.7 8.5 240.8 -4.1 0.94 21.9
22 0.3¢ 69.€ 3.8 229.¢ -5.5 0.7¢ 13.¢
67 0.38 77.2 7.7 229.4 -3.6 0.65 105
32 0.38 73.5 4.7 216.6 15.7 0.61 18.0
51 0.3¢ 72.C 12.¢ 185.¢ 2.2 0.6¢ 12.C
31 0.37 74.2 9.1 216.3 -2.3 0.63 22.3
52 0.37 71.9 8.3 238.2 1.7 0.74 47.3
29 0.3¢ 75.2 9.7 203.¢ 3.1 0.57 23.1
12 0.36 77.0 10.3 2195 6.0 0.68 145
9 0.35 74.5 7.8 204.3 6.4 0.70 29.0
44 0.3t 717 9.€ 228.1 .2 0.6z 14.¢
6 0.34 70.9 10.2 246.3 -6.7 0.75 43.3
5 0.31 76.2 9.2 228.8 20.8 0.61 21.3
10 0.30 72.8 8.7 207.1 1.8 0.56 17.9
33 0.27 71.6 8.3 186.5 9.7 0.42 29.0
43 0.27 72.9 9.7 234.9 13.1 0.57 43.4
56 0.26 73.0 7.9 210.2 22.6 0.72 15.0
30 0.26 69.7 8.8 185.1 7.1 0.86 26.8
70 0.22 77.2 17.6 205.8 10.4 0.36 43.9
73 0.22 74.8 12.2 215.0 15.2 0.59 29.6
45 0.21 71.4 11.4 220.8 6.2 0.66 14.4
2 0.20 74.6 8.6 184.9 4.7 0.44 59.9
50 0.16 74.4 7.8 207.6 6.5 0.47 38.7
37 0.15 73.7 9.5 185.7 8.3 0.38 30.6
25 0.14 725 12.4 205.3 -0.3 0.44 21.3
11 0.1C 71.¢ 12.€ 234t 31.€ 0.67 16.€
69 0.08 75.5 8.8 208.3 6.0 0.51 24.3
Mean 0.47 72.9 7.3 217.0 5.0 0.67 19.3
LSD 0.34 3.9 5.0 46.6 22.3 0.22 21.8
MSE 0.03 7.5 6.3 546.9 125.0 0.02 119.6
DF 79

GYD=grain yield; AD=anthesis days; ASI=anthesis sing interval; PH=plant height; RL=root lodging; EP P=ears per plant; ER=ear rot; LSD=least significantdifference; MSE=mean square error; DF=degrees
of freedom.
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Appendix 6 Line general combining ability effects ér grain yield across different

environments

Line Across Optimum Drought Low N
K64r -0.120 -0.377 0.372 -0.074
N3.2.3.3 0.172 0.593 -0.076 0.141
RS61P 0.717 0.635 0.369 0.582
NAW5885 0.131 0.355 0.119 0.213
2N3d -0.900 -0.924 -0.215 -0.702
2Kba -0.267 -0.699 -0.152 -0.122
SC552: -0.95: -1.31¢ -0.531 -0.63¢
RA214P 0.180 0.373 -0.264 -0.208
LSD 0.007 0.02¢ 0.01: 0.0¢

LSD=least significant difference; Low N=low nitrogen.

Appendix 7 Tester general combining ability effed for grain yield across different

environments

Tester Across Optimum Drought Low N
1 -0.92 -1.19 -0.12 -0.68
2 -0.64 -0.97 0.28 -0.46
3 0.16 0.22 -0.13 0.30
4 0.19 -0.02 0.59 0.27
5 0.2¢ 0.1€ -0.04 0.1¢
6 0.07 0.0z -0.0¢ -0.21
7 0.01 0.1C -0.1¢€ -0.07
8 0.13 0.25 -0.10 -0.01
9 -0.11 0.01 -0.42 0.11
10 -0.84 -1.34 0.27 -0.64
11 0.34 0.48 0.39 0.09
12 -0.92 -1.10 0.01 -0.64

LSD 0.007 0.024 0.013 0.08

LSD=least significant difference; Low N=low nitrogen.
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Appendix 8 Mean grain yield (t ha') for 80 genotypes across seven environments

E1l E2 E3 E4 ES E6 E7 Mean

Genotype t ha*
Gl 7.22 1.44 4.69 1.83 4.40 2.63 3.31 3.65
G2 6.40 1.39 3.98 2.50 4.00 3.05 3.50 3.55
G3 7.18 1.72 4.01 2.74 4.04 2.05 3.35 3.58
G4 8.37 2.36 5.32 1.83 3.71 4.00 2.95 4.08
G5 8.23 1.67 5.27 2.03 4,73 3.14 2.92 4.00
G6 7.09 1.96 4.07 1.98 4,77 3.78 4.07 3.96
G7 7.82 1.66 5.24 1.71 5.23 2.73 3.31 3.96
G8 7.25 2.01 5.60 1.71 451 3.15 431 4.08
G9 6.04 1.51 5.49 2.04 4.38 2.80 2.64 3.56
G10 7.49 1.37 5.00 241 4.69 3.31 4.70 4.14
G1l1 7.32 1.37 3.55 2.47 4.18 3.56 3.54 3.71
G12 5.25 1.44 3.06 1.87 2.48 3.05 2.88 2.86
G13 5.33 1.59 3.45 1.35 3.92 3.78 4.12 3.36
Gl14 5.61 1.74 3.85 1.18 4.39 3.73 3.09 3.37
G15 6.74 1.48 3.94 1.95 4.06 2.72 5.09 3.71
G16 6.78 1.14 4.58 2.45 4.08 2.55 3.40 3.57
G17 4.42 0.60 2.33 1.40 2.97 2.10 2.34 231
G18 6.05 1.50 2.63 2.14 3.37 3.13 4.27 3.30
G19 5.53 1.36 4.52 3.01 3.71 2.99 4.09 3.60
G20 5.95 2.02 3.25 1.80 4.13 3.27 5.96 3.77
G21 571 1.19 4.33 2.05 3.37 3.27 4.54 3.49
G22 5.91 1.87 3.44 2.39 3.27 3.70 5.83 3.77
G23 5.75 1.00 4.13 2.15 2.95 3.11 4.11 331
G24 5.65 1.22 4.35 2.23 3.55 3.35 3.16 3.36
G25 4.95 1.04 4.80 2.04 2.85 3.40 3.81 3.27
G26 8.31 1.73 4.84 2.04 3.84 3.47 3.73 3.99
G27 7.50 1.57 4.59 3.07 3.70 3.20 3.07 3.82
G28 7.11 1.56 5.54 2.28 3.89 3.23 3.26 3.84
G29 4.19 0.89 2.44 2.35 2.70 1.98 2.21 2.39
G30 4.99 2.05 4.63 2.71 3.09 3.02 4.44 3.56
G31 6.83 1.51 4.77 2.09 3.70 2.87 471 3.78
G32 6.58 1.65 4.73 2.24 341 3.62 4.32 3.79
G33 5.19 0.95 4.75 2.44 3.20 3.71 4.18 3.49
G34 7.07 1.68 5.98 2.64 3.60 3.65 4.30 4.13
G35 5.35 1.74 5.38 2.55 3.54 2.64 4.55 3.68
G36 6.09 1.35 4.57 2.79 3.54 2.93 4.01 3.61
G37 4.74 0.64 3.24 1.91 2.57 2.90 3.59 2.80
G38 6.99 1.88 5.82 3.01 3.98 4.16 3.89 4.25
G39 6.98 1.89 3.10 1.84 3.29 2.11 2.53 3.11
G40 7.27 1.10 4.39 2.28 3.78 2.40 2.62 341
G4l 6.44 1.06 3.10 2.04 4.38 3.08 3.54 3.38
G42 5.75 1.50 4.68 1.77 4.15 2.58 2.86 3.33
G43 7.83 1.62 4.69 1.36 3.36 2.84 2.40 3.44
G44 6.45 1.51 4.52 1.91 3.93 3.26 3.04 3.52
G45 7.51 1.97 6.03 1.92 4.21 3.00 4.59 4.18
G46 6.35 2.40 3.71 1.99 4.42 2.99 3.89 3.68
G47 7.39 1.28 5.11 1.95 4.58 3.47 3.97 3.96
G48 8.37 1.63 4.60 1.99 5.39 3.23 461 4.26
G49 7.47 2.12 4.53 1.78 4.88 1.91 2.48 3.60
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Appendix 8 Mean grain yield (t ha') for 80 genotypes across seven environments

El E2 E3 E4 E5 E6 E7 Mean
Genotype tha
G50 5.50 1.29 453 1.79 3.43 2.75 2.80 3.16
G51 7.64 1.38 6.02 1.17 4.70 3.16 3.82 3.99
G52 8.91 2.35 5.04 3.26 4.04 3.06 3.26 4.27
G53 7.41 0.88 3.73 1.69 4.01 2.35 3.62 3.38
G54 7.72 1.54 4.26 2.33 4.90 3.63 6.12 4.36
G55 5.76 1.77 3.96 2.65 3.61 3.29 5.55 3.80
G56 5.60 1.82 3.44 1.04 3.99 2.46 431 3.24
G57 8.20 2.44 6.42 1.78 4.29 4.26 5.19 4.66
G58 7.22 1.96 5.51 2.43 3.89 3.93 5.02 4.28
G59 6.78 2.08 5.00 2.84 3.89 3.35 5.15 4.16
G60 6.69 2.83 6.37 251 4.18 3.91 431 4.40
G61 8.33 2.31 6.68 2.79 3.65 3.65 5.76 4.74
G62 7.84 1.49 4.67 2.46 4.33 3.53 4.18 4.07
G63 6.87 1.30 5.40 2.62 3.23 4.08 6.51 4.29
G64 8.10 1.28 2.59 1.63 3.39 2.94 3.75 3.38
G65 6.42 2.02 4.00 1.36 4.26 3.09 453 3.67
G66 6.68 1.31 3.95 2.77 4.13 3.70 3.30 3.69
G67 6.94 1.19 4.55 2.03 4.44 4.45 4.23 3.98
G68 9.99 1.70 4.82 1.40 4.22 3.77 3.72 4.23
G69 5.90 0.94 3.84 0.79 3.19 3.18 3.86 3.10
G70 8.02 1.03 4.62 2.38 4.05 3.80 4.90 4.11
G71 7.56 1.22 431 1.47 4.43 3.73 4.01 3.82
G72 7.46 1.51 5.66 2.31 4.18 3.93 4.16 4.17
G73 5.50 1.29 2.91 1.15 3.46 2.00 2.24 2.65
G74 10.43 4.08 5.29 2.50 6.16 2.50 4.85 5.12
G75 7.96 1.64 3.10 1.94 4.21 3.43 3.56 3.69
G76 7.25 2.28 451 1.99 4.56 3.16 2.53 3.75
G77 6.83 211 5.13 2.21 431 2.79 3.08 3.78
G78 6.96 1.94 4.30 1.78 4.20 3.33 5.12 3.95
G79 8.39 1.28 5.51 2.49 451 3.82 3.56 4.22
G80 6.93 2.02 4.56 1.42 4.12 2.30 4.00 3.62
MEAN 6.83 1.62 4.50 2.09 3.96 3.17 3.92

E1=Agricultural Research Trust farm; E2=Harare low N; E3=Kadoma; E4=Chiredzi winter; E5=Rattray Arnold Research Station;
E6=Chiredzi summer; E7=Chisumbanje; Underlined andbold values= highest yielder in the given environnmg.
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Appendix 9 Minor allele frequency and correspondig number of single nucleotide

polymorphism markers

Minor allele frequency Number of SNPs
0.5C 30
0.48 27
0.47 18
0.46 2
0.45 46
0.44 9
0.43 32
0.42 11
0.41 13
0.40 15
0.3¢ 20
0.38 19
0.37 11
0.36 27
0.35 14
0.34 17
0.33 33
0.32 15
0.31 15
0.30 22
0.29 22
0.28 19
0.27 13
0.26 21
0.25 24
0.24 40
0.23 22
0.22 4
0.21 21
0.2C 27
0.19 11
0.18 42
0.17 32
0.16 20
0.15 18
0.14 33
0.1z 29
0.12 16
0.11 33
0.10 34
0.09 33
0.08 16
0.07 43
0.0¢€ 3
0.05 50
0.04 30
0.02 13
0.02 39
0.00 25

Total 1129

SNP=single nucleotide polymorphism.
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Appendix 10 Polymorphic information content valuesand corresponding number of

single nucleotide polymorphism markers

PIC Number of SNPs
0.38 30
0.37 164
0.36 69
0.3t 71
0.3¢ 37
0.33 32
0.32 47
0.31 21
0.30 64
0.29 24
0.28 20
0.27 29
0.26 16
0.25 44
0.24 25
0.2t 20
0.22 18
0.21 33
0.20 14
0.19 31
0.18 13
0.17 20
0.16 34
0.15 33
0.13 16
0.12 32
0.11 11
0.1¢C 3
0.0¢ 33
0.08 47
0.06 1
0.05 19
0.04 32
0.00 26
Total 1129

PIC=polymorphic information content; SNP=single nudeotide polymorphism.
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Appendix 11 F; mean grain yield (t ha'), specific combining ability, mid- and high-
parent heterosis and genetic distance under optimurwonditions

Hybrid GYD MPH HPH GD SCA

L2/T10 5.64 161.86 138.10 0.35 0.34
L2/T10 4.96 92.97 54.98 0.35 0.38
L2/T4 5.38 121.69 84.74 0.36 0.94
L2/T9 6.54 187.98 151.43 0.33 -0.33
L2/T5 5.65 121.51 78.75 0.35 0.38
L2/T8 6.61 168.56 121.69 0.34 -0.97
L2/T3 6.05 170.08 138.18 0.36 0.13
L2/T11 5.74 97.4 48.1¢ 0.3€ -0.37

L2/T7 6.05 143.13 99.14 0.33 0.62
L2/T6 5.40 143.84 116.91 0.32 0.42
L7/T10 3.54 136.19 49.48 0.36 -0.05
L7/T1 4.49 134.68 40.44 0.34 0.34
L7/T9 4.79 196.74 84.32 0.28 -0.28
L7/T7 5.03 174.0¢ 65.41 0.2¢ 0.1€

L7/T6 5.52 253.53 121.49 0.31 -0.07
L6/T9 3.10 49.51 19.32 0.33 -0.35
L6/T1 4.17 75.63 30.35 0.34 -0.55
L6/T4 4.82 115.98 65.51 0.35 0.37
L6/T5 4.64 97.21 46.97 0.35 0.51
L6/T8 4.75 109.7¢ 59.3¢ 0.3¢ 0.67

L6/T3 4.33 111.91 70.61 0.35 -0.15
L6/T7 4.46 94.35 46.72 0.36 -0.48
L6/T12 4.71 133.05 89.06 0.33 -0.13
L6/T6 4.52 123.93 81.66 0.34 -0.01
L1/T2 5.91 194.1¢ 162.77 0.3 -1.1C

L1/T10 5.64 172.30 137.83 0.37 -0.05
L1/T12 5.94 178.73 138.43 0.33 -0.14
L1/T1 2.91 16.91 9.21 0.23 0.12
LL/T4 4.44 89.80 52.62 0.27 -0.49
L1/T9 5.44 148.92 109.19 0.33 0.99
L1/T5 5.26 113.2¢ 66.3¢ 0.31 0.1z

L1/T8 4.78 101.13 60.30 0.31 -0.44
L1/T3 5.89 173.19 131.78 0.33 0.57
L1/T11 4.98 76.43 28.56 0.30 -0.18
L1/T7 4.91 104.06 61.43 0.36 0.70
L1/T6 3.67 72.36 47.44 0.33 -0.26
L4/T4 6.02 163.0: 106.9¢ 0.3 -0.57

L4/T9 4.81 125.11 84.85 0.29 -0.68
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Appendix 11 F; mean grain yield (t ha'), specific combining ability, mid- and high-parent

heterosis and genetic distance under optimum condins

Hybrid GYD MPH HPH GD SCA
L4/TS 5.52 128.4¢ 74.6( 0.3¢ -0.3€
L4/T8 4.77 105.21 60.11 0.31 0.99
L4/T3 4.99 136.99 96.40 0.29 0.35
L4/T11 5.73 175.41 130.06 0.29 0.42
L4/T? 5.28 124.19 73.67 0.32 -0.26
L4/T6 6.34 204.87 154.67 0.29 0.71
L5/T1 5.17 76.6¢ 61.4¢ 0.3€ -0.1€
L5/T4 6.06 117.89 108.16 0.34 -0.06
L5/T9 6.63 152.70 155.13 0.29 -0.55
L5/T5 6.00 106.68 90.00 0.20 0.26
L5/T8 4.73 67.99 58.69 0.33 -0.19
L5/T3 6.52 1513 156.8: 0.3¢ 0.47
L5/T11 6.45 97.91 66.71 0.35 0.11
L5/T7 5.28 85.74 73.83 0.33 0.00
L3/T1 5.98 83.45 86.89 0.33 -0.07
L3/T4 4.63 48.63 59.10 0.30 -0.17
L3/T9 6.63 124.14 155.18 0.27 -0.86
L3/T5 5.87 81.2] 85.8¢ 0.3¢ 0.72
L3/T8 5.50 74.50 84.45 0.29 0.74
L3/T3 6.17 110.52 142.84 0.30 0.83
L3/T11 6.62 84.23 71.14 0.29 0.25
L3/T7 5.81 82.81 91.22 0.32 0.36
L3/T6 5.53 90.23 121.94 0.27 0.13
L8/T9 4.86 97.7¢ 86.7¢ 0.2¢ 0.8¢
L8/T1 5.05 83.36 57.86 0.33 -0.30
L8/T4 5.22 99.83 79.23 0.28 -1.05
L8/T5 5.55 102.91 75.62 0.34 -0.13
L8/T8 6.79 156.75 127.89 0.26 -0.19
L8/T3 4.71 94.20 85.41 0.32 0.61
L8/T11 5.89 90.58 52.17 0.32 0.13
L8/T? 5.78 116.00 90.07 0.33 0.76
L8/T6 6.09 153.83 144.65 0.29 -0.54
Mean 5.19 117.39 85.29 0.31 0.03
Min 2.91 16.91 921 0.20 -1.10
Max 6.79 253.53 162.77 0.37 0.99

GYD=grain yield; MPH=mid-parent heterosis; HPH=high-parent heterosis; GD=genetic distance; SCA=speaificombining ability;
Min=minimum; Max=maximum.
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Appendix 12 K mean grain yield (t ha'), specific combining ability, mid- and high-

parent heterosis and genetic distance under low magen conditions

Hybrid GYD MPH HPH GD SCA

L2/T10 2.50 1.81 37.61 0.35 -0.05
L2/T10 2.68 -4.93 34.05 0.35 0.07
L2/T4 3.06 -1.09 20.05 0.36 0.11
L2/T9 4.45 12.84 59.92 0.33 0.73
L2/T5 3.76 -5.49 2.74 0.35 0.13
L2/T8 3.02 46.2( 106.4¢ 0.3¢ -0.3¢

L2/T3 3.66 -10.26 2.44 0.36 0.18
L2/T11 2.85 14.00 31.63 0.36 -0.30
L2/T7 2.60 -10.25 5.15 0.33 0.26
L2/T6 2.69 -41.13 -49.88 0.32 0.04
L7/T10 2.69 7.22 47.57 0.36 0.09
L7/T1 2.97 132.01 110.26 0.34 -0.01
L7/T9 3.19 95.24 48.38 0.28 -0.50
L7/T7 2.73 54.27 3.01 0.24 0.10
L7/T6 1.90 -12.29 -47.34 0.31 -0.15
L6/T9 0.94 57.33 38.38 0.33 0.43
L6/T1 2.74 -59.7¢ -69.6¢ 0.3¢ 0.17

L6/T4 2.47 52.94 36.89 0.35 -0.07
L6/TS 3.83 148.86 155.50 0.35 -0.06
L6/T8 2.14 19.85 -2.95 0.34 0.07

L6/T3 3.55 -8.61 -31.01 0.35 0.06
L6/T7 174 62.79 27.66 0.36 0.03
L6/T12 2.13 -48.5¢ -66.4: 0.3 -0.2¢

L6/T6 2.02 22.20 11.91 0.34 0.66
L1/T2 3.12 273.74 47.49 0.32 -0.55
L1/T10 2.89 207.31 138.11 0.37 -0.41
L1/T12 2.87 189.25 125.97 0.33 -0.45
L1/T1 1.60 119.17 51.11 0.23 -0.28
L1/T4 3.97 17.51 -20.0¢ 0.27 0.2¢

L1/T9 2.83 142.85 55.71 0.33 0.49
LL/TS 3.12 48.01 -8.81 0.31 0.10
L1/T8 1.76 180.81 107.80 0.31 -0.15
L1/T3 3.06 -8.03 -43.34 0.33 0.05
L1/T11 3.29 75.08 10.21 0.3 0.45
L1/T7 2.41 91.9¢ 21.47 0.3¢ 0.2¢

L1/T6 1.20 -18.3: -53.4¢ 0.3 -0.5¢

L4/T4 3.55 15.00 -12.28 0.32 0.06
L4/T9 3.44 104.50 39.14 0.29 -0.16
L4/T5 1.95 70.97 10.85 0.34 0.74
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Appendix 12 K mean grain yield (t ha'), specific combining ability, mid- and high-parent
heterosis and genetic distance under low nitrogeroaditions

Hybrid GYD MPH HPH GD SCA
LAITS 1.89 61.25 30.07 0.31 -0.41
LAIT3 2.73 -6.15 -39.15 0.29 -0.12
L4/T11 3.10 4756 -1.80 0.29 -0.16
LAIT? 2.85 170.8: 126.3¢ 0.3 0.3
LAITE 3.84 -6.4¢ -44.8¢ 0.2¢ -0.31
L5/T1 4.53 235.21 180.15 0.36 -0.07
L5/T4 2.26 66.63 126.62 0.34 -0.19
L5/T9 3.01 -24.52 -11.35 0.29 0.15
L5/T5 4.05 -8.05 -3.00 0.2 0.16
L5/T8 2.50 63.88 135.34 0.33 -0.09
L5/T3 2.57 -23.5¢ -19.3¢ 0.3 0.41
L5/T11 4.51 -17.48 -7.68 0.35 -0.08
L5/T7 1.45 46.72 66.49 0.33 -0.12
L3/T1 2.72 -66.25 71.92 0.33 0.21
L3/T4 3.27 12.38 35.99 0.3 -0.53
L3/T9 4.54 21.25 28.15 0.27 -0.18
L3/T5 3.68 6.21 37.4¢ 0.3¢ 0.2
L3/T8 3.83 52.87 46.45 0.29 0.67
L3/T3 5.35 69.78 145.61 0.3 0.41
L3/T11 4.27 29.09 23.67 0.29 0.08
L3/T7 2.71 90.32 92.37 0.32 -0.14
L3/T6 2.39 53.71 57.39 0.27 0.47
L8/T9 2.28 -32.50 -47.75 0.28 0.30
L8/T1 3.80 13.51 68.26 0.33 -0.64
L8/T4 2.39 -41.13 -26.32 0.28 -0.11
L8/T5 2.20 14.02 62.95 0.34 -0.09
L8/T8 3.16 -33.63 -6.17 0.26 0.18
L8/T3 1.76 -28.59 -5.60 0.32 -0.01
L8/T11 1.95 -18.45 2.07 0.32 0.43
L8/T7 2.19 -52.81 -36.86 0.33 -0.10
L8/T6 2.74 -47.17 -28.16 0.29 -0.12
Mean 2.90 33.09 25.73 0.31 0.01
Min 0.94 -66.25 -71.92 0.20 -0.64
Max 5.35 273.74 155.50 0.37 0.74

GYD=grain yield; MPH=mid-parent heterosis; HPH=high-parent heterosis; GD=genetic distance; SCA=speaificombining ability;
Min=minimum; Max=maximum.
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Appendix 13 Mean performance of three-way hybridgor grain yield and other agronomic traits under managed drought

in the 2011 winter season

ENTRY GYD AD ASI PH EH EPO RL SL EPP ER SEN TEX EA
SC7/IL5 2.89 63.3 2.8 178.3 78.0 0.43 106 19.8 0.76 5.4 5 0. 15 2.4
SC8/ILLC 2.89 63.9 1.2 174.7 101.0 0.53 111 5.1 0.65 16.0 50 2.7 3.3
SC3//L2 2.88 66.4 1.6 167.7 82.7 0.45 15.8 22.0 0.65 30.8 6 0 3.5 3.6
SC2//IL5 2.87 64.9 15 1705 77.4 0.46 117 13.1 0.75 6.3 6 0. 1.0 2.7
SC10//LE 2.86 66.4 1.0 177.1 88.9 0.52 15 12.1 0.69 16.3 50 2.7 3.0
sc3/LL 2.63 65.2 5.4 176.3 81.3 0.41 8.0 12.2 0.56 21.9 5 0. 3.0 3.0
SC2//L9 2.61 67.9 1.6 180.3 96.7 0.51 117 10.8 0.69 26.0 6 0 3.0 3.8
SC10/L5 2.59 63.7 0.8 178.4 90.4 0.47 10.4 29.4 0.76 49 6 0. 3.0 3.2
CZH0616 2.57 64.7 4.0 174.8 85.8 0.50 6.3 9.9 0.69 11.4 05 3.0 2.9
023WH31 2.54 69.4 1.8 185.9 100.9 0.55 11.8 11.4 0.67 233 05 2.8 3.2
SC635 2.54 62.9 6.6 133.1 93.0 0.59 10.8 245 0.61 34.9 6 0 3.5 3.6
CZH083: 2.53 65.1 1.9 197.6 89.8 0.48 13.4 12.4 0.69 14.4 6 0 2.9 35
SC4/IL10 2.51 63.0 15 170.3 99.4 0.55 33.0 11 0.73 225 60 3.4 35
SC11//L 2.50 66.6 1.7 182.7 91.3 0.44 9.4 13.9 0.67 24.0 5 0. 3.1 2.9
SC3//L10 2.44 61.8 1.0 165.5 90.8 0.49 133 10.3 0.83 14.1 6 0 2.7 3.4
SC2//L8 2.42 64.7 1.1 185.3 90.1 0.53 34.4 13.3 0.79 334 06 32 3.6
SC7/ILLC 2.42 62.3 3.1 168.6 66.5 0.37 17.2 16.0 0.74 6.8 5 0. 2.3 3.3
SC1//L5 2.42 66.2 1.4 166.1 82.6 0.46 14.7 32.0 0.71 3.9 5 0. 1.8 2.4
sSC8//L8 2.34 70.6 1.2 169.1 104.6 0.56 23 5.8 0.57 32.9 50 2.8 4.0
SC3//L9 2.33 67.3 1.1 167.1 103.6 0.55 217 225 0.54 193 06 2.8 3.1
013WH29 2.31 66.3 15 172.6 93.4 0.51 183 0.7 0.66 132 5 0. 2.4 3.3
SC7/IL7 2.28 65.7 3.7 170.6 81.9 0.48 2.7 111 0.62 32.9 5 0. 2.3 35
SC1//L2 2.25 67.8 35 1715 91.3 0.50 3.7 26.5 0.62 9.2 05 3.3 33
SC3//LE 2.25 62.7 0.3 165.4 81.9 0.48 6.7 25.2 0.53 1809 6 0 2.7 3.8
SC7/IL9 2.24 67.6 1.6 183.8 99.3 0.52 103 8.6 0.54 21.4 5 0. 2.3 3.2
SC5//L10 2.23 66.3 1.7 188.2 105.7 0.53 28.9 9.6 0.62 133 6 0 3.6 3.6
SC1//L6 2.23 67.7 1.3 165.5 91.8 0.50 48 2.5 0.61 24.2 06 29 3.4
SC5//L8 2.22 66.4 1.3 173.1 99.7 0.54 8.7 15.6 0.65 34.2 5 0. 3.1 40
SC2//L4 2.21 65.7 1.9 180.9 95.2 0.52 225 14.0 0.56 273 6 0 31 3.4
SC2//L10 2.19 62.2 0.9 166.1 92.4 0.54 50.7 9.7 0.65 14.4 6 0. 2.6 3.3
SC11//LE 2.18 63.8 0.9 170.7 94.5 0.47 12.6 28.7 0.65 19.5 6 0 1.6 2.7
SC3//L11 2.14 64.0 0.7 156.6 91.8 0.47 23.1 33.6 0.70 265 6 0 2.7 2.9
SC4//L11 2.14 65.4 2.5 174.4 100.7 0.55 0.4 145 0.63 196 05 33 41
SC3/IL7 2.12 65.4 0.1 161.3 83.6 0.50 14.7 245 0.77 2.3 6 0. 2.8 2.8
SC10/L8 2.11 64.0 1.8 163.6 95.6 0.53 121 6.0 0.72 2338 5 0. 3.6 4.0
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Appendix 13 Mean performance of three-way hybridgor grain yield and other agronomic traits under managed drought in the

2011 winter season

ENTRY GYD AD ASI PH EH EPO RL SL EPP ER SEN TEX EA
SC10/L7 2.08 66.9 1.7 161.4 83.7 0.49 19.2 25.4 0.69 13.0 50 2.7 3.2
SC11/L8 2.08 62.8 1.3 177.1 95.3 0.51 15.0 9.0 0.82 214 5 0. 2.2 3.2
SC11//LE 2.05 65.9 1.1 167.3 85.9 0.49 1.9 10.1 0.68 9.6 5 0. 2.6 35
SC4//L12 2.04 63.0 1.8 167.2 100.8 0.59 31.8 116 0.71 456 06 41 3.6
SC1//L8 2.01 64.6 0.7 178.8 92.6 0.48 20.9 9.7 0.75 323 6 0. 2.8 3.3
SC3//L: 1.99 63.6 2.7 188.0 92.6 0.48 20.6 14.8 0.57 278 6 0 3.0 35
SC6//L12 1.99 62.7 1.8 182.6 100.2 0.48 17.0 20.3 0.66 225 0.6 36 3.8
SC8//L9 1.99 68.5 3.9 178.2 103.5 0.67 2.2 1.8 0.50 26.8 5 0. 2.6 41
SC10//L2 1.98 68.0 3.3 179.2 95.6 0.56 9.8 6.4 0.53 376 05 34 3.7
SC10//L1 1.96 66.5 5.7 187.3 98.9 0.55 122 6.9 0.56 402 5 0. 3.0 41
SC10//L3 1.94 67.7 5.8 180.5 96.8 0.52 10.3 5.5 0.58 17.6 5 0. 3.4 3.4
SC2/IL6 1.94 64.9 0.1 157.8 79.9 0.48 7.6 24.3 0.65 6.9 06 26 3.8
SCo/L12 1.94 64.8 1.1 174.0 98.9 0.53 17.7 20.2 0.66 278 6 0 4.0 3.4
SC2//L2 1.90 66.0 1.1 171.9 94.6 0.54 17.8 19.3 0.53 485 6 0 338 44
SCH/ILLC 1.89 63.9 3.1 169.6 97.2 0.56 26.3 185 0.59 34.0 6 35 3.9
SC9//L9 1.86 69.3 3.8 169.0 113.7 0.60 16.4 10.6 0.54 181 05 2.9 3.5
sC2//L11 1.85 66.0 1.7 169.7 92.8 0.51 12.9 11.8 0.69 427 6 0 2.7 3.9
sSC51: 1.82 65.6 2.8 189.8 82.1 0.43 41.9 8.0 0.58 28.2 5 0. 1.9 3.4
SC2/IL7 1.79 66.1 2.0 169.8 88.3 0.48 29.3 29.3 0.61 213 6 0 35 3.1
SC1//L3 1.79 67.6 3.0 175.2 93.8 0.50 16.9 13.6 0.53 375 50 3.1 3.0
SC11/IL7 1.78 65.4 2.2 164.6 90.5 0.53 0.7 32.3 0.68 7.9 06 17 3.1
SC8//L5 1.75 63.4 1.9 1716 98.0 0.53 5.7 105 0.57 32.1 5 0. 2.8 3.8
SC8//L12 1.75 66.2 0.0 1721 89.3 0.52 8.1 14.7 0.63 36.6 6 0. 3.3 45
SC5//L1 1.74 68.4 5.8 177.1 107.3 0.57 14.2 7.1 0.34 16.9 50 3.7 3.2
SCO//LLC 1.71 63.4 3.3 1815 100.2 0.54 16.1 13.3 0.61 104 05 33 3.4
SCe//L11 1.67 67.5 33 186.3 107.1 0.58 7.8 11.8 0.52 430 50 35 46
SC2//L4 1.64 66.4 2.7 176.5 95.5 0.51 17.8 12.1 0.50 41.9 6 0 3.8 3.2
SC7/IL6 1.64 66.8 2.0 175.7 83.0 0.46 0.0 12.1 0.58 317 6 0. 2.7 3.9
SC3//L6 1.63 66.0 0.8 175.6 78.4 0.47 105 16.9 0.57 12.9 6 0 2.9 3.3
SC7/IL2 1.60 66.2 5.1 188.6 99.3 0.50 143 9.7 0.47 18.1 5 0. 2.9 3.4
SC3//L4 1.60 64.5 1.4 184.3 97.5 0.51 19.3 26.0 0.56 29.3 70 3.5 3.2
SCl//L4 1.59 66.6 41 191.1 96.2 0.50 1.6 10.1 0.52 31.9 6 0. 3.3 3.2
SC5//L3 1.55 67.7 35 185.4 104.3 0.54 16.6 0.3 0.42 201 05 3.1 3.5
SC5//L7 1.52 67.7 2.1 170.7 95.1 0.52 12.0 20.6 0.53 457 6 0 3.5 43
SCo/L11 1.51 67.3 36 160.9 102.2 0.70 9.9 7.7 0.48 255 6 0. 2.8 35
sc2/L 1.48 66.7 6.8 185.6 94.9 0.50 19.8 7.4 0.44 39.0 6 0. 3.4 41
013WHO: 1.45 68.5 5.2 198.5 109.2 0.54 7.9 46 0.33 403 6 0. 2.5 3.2
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Appendix 13 Mean performance of three-way hybridgor grain yield and other agronomic traits under managed drought in the

2011 winter season

ENTRY GYD AD ASI PH EH EPO RL SL EPP ER SEN TEX EA
scl/LL 1.44 66.9 5.2 176.7 83.0 0.47 7.7 14.3 0.41 24.0 5 0. 3.0 3.4
SC1/IL7 1.41 68.1 2.0 168.3 88.5 0.48 8.1 26.7 0.51 125 6 0. 3.0 35
SC5//LE 1.34 69.2 1.1 174.1 100.2 0.54 2.8 6.9 0.42 30.2 6 0. 3.3 4.0
SC4//L9 1.27 67.6 3.0 165.9 108.2 0.60 1.7 8.6 0.42 406 5 0. 2.9 42
SC7/L3 1.26 65.9 47 184.5 95.1 0.51 8.5 1.6 0.42 18.4 05 29 3.7
SC8/LL: 1.22 67.6 36 179.6 102.3 0.54 6.4 14.6 0.36 311 6 0 2.7 35
SC6/L9 1.19 68.2 2.9 181.4 102.5 0.55 7.9 12.3 0.49 215 50 3.3 42
SC7/L4 1.18 65.7 5.9 195.1 103.0 0.52 9.8 5.6 0.39 34.1 5 0. 2.5 35
SC5//L2 1.15 69.6 6.3 1875 98.1 0.51 8.7 9.0 0.41 27.0 05 41 4.1
SC5//L11 0.83 68.9 2.6 168.5 117.7 0.65 0.2 7.3 0.37 26.8 6 0. 3.3 41
SC10//L4 0.83 68.1 7.4 190.5 107.3 0.56 6.8 11.9 0.26 48.0 50 3.4 42
SC11//L4 0.80 66.1 3.4 178.6 102.2 0.51 223 16.8 0.51 229 05 3.0 3.3
013WH63 0.68 66.9 5.1 190.2 97.0 0.53 17.2 6.7 0.40 40.6 6 0. 3.9 43
Mean 1.95 66.0 2.6 1755 945 0.52 131 13.7 059 662 0.6 3.0 35
'(‘535) 1.03 2.0 2.4 17.8 13.1 0.10 20.3 13.0 0.16 467 01 09 0.9
MSE 0.53 2.1 4.4 80.5 130.6 0.00 104.5 128.9 0.02 6511 0.0 0.2 0.4
Min 0.68 61.8 1.1 133.1 66.5 0.37 2.3 1.1 0.26 32 05 1.0 2.4
Max 2.89 70.6 7.4 198.5 117.7 0.70 50.7 33.6 0.83 804 0.7 41 46

GYD=grain yield (t ha); AD=anthesis days; ASl=anthesis silking interva{days); PH=plant height (cm); EH=ear height (cm); PO=ear position (0-1); RL=root lodging (%); SL=stem
lodging (%); EPP=ears per plant (#); ER=ear rot (%) SEN=senescence (1-10); TEX=texture (1-5); EA=easspect (1-5); LSD=least significant difference; MB=mean square error;
Min=minimum; Max=maximum.
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Appendix 14 Mean performance of three-way hybridsfor grain yield and other agronomic traits under opgimum

conditions in the 2011 winter season

ENTRY GYD AD ASI PH EH EPO RL SL EPP ER TEX EA
SC//LAC 4.79 69.9 2.1 162.9 90.9 0.57 34.6 17.8 0.66 154 6 3 4.1
SC10//L5 4.65 71.2 2.9 174.0 90.7 0.54 -5.2 16.5 0.94 7.8 1 3. 3.7
SC4//LAC 4.64 70.8 14 171.2 103.1 0.60 12.0 9.6 0.75 8.6 7 3. 3.9
SC6//L1( 4.64 71.2 2.0 176.5 98.3 0.56 30.4 7.6 0.83 8.6 3.8 3.8
SC8//L10 4.63 71.6 1.8 179.6 98.5 0.55 2.2 6.9 0.79 11.0 3.6 4.1
SC3//LE 4.63 69.7 4.0 157.6 82.2 0.52 0.9 20.2 0.84 2.8 3.3 3.8
SC11//LE 4.60 69.8 4.0 156.8 89.7 0.58 2.5 22.3 0.91 3.3 2.7 3.5
SC6//L9 4.58 73.6 0.9 187.0 104.2 0.56 -9.7 9.8 0.69 12.1 7 3 3.3
SCo//LE 4.52 75.1 0.7 177.7 99.6 0.57 -2.3 43.4 1.25 6.5 8 4. 2.6
SC1//LE 4.50 71.6 2.1 172.6 89.1 0.53 9.4 11.2 0.79 3.2 3.3 3.6
SC10//L6 4.50 715 15 166.9 92.5 0.55 -6.9 9.2 0.75 6.1 3.7 3.9
SC8//LE 4.46 74.6 0.3 183.4 105.5 0.57 -2.8 2.3 0.80 6.0 4 3. 35
SC10//L7 4.42 72.1 55 163.1 90.2 0.55 0.6 35.4 0.88 7.6 3.2 3.4
SC2//L9 4.40 72.7 14 181.8 95.9 0.55 -11.5 15.8 0.77 11.8 3.3 3.8
SC1//Lz 4.36 73.8 11 174.9 88.3 0.51 5.4 15.1 0.66 18.8 7 3 3.7
SC8//LE 4.36 70.9 2.4 174.8 94.8 0.54 6.4 6.7 0.80 8.9 2.9 3.2
013WH29 4.33 71.2 2.5 162.1 96.6 0.61 -5.2 12.8 0.80 19.6 3 3 3.6
SC10//LE 4.33 71.2 1.8 1725 100.1 0.58 -11.1 15.5 0.79 9.8 3.4 3.9
SC8//L8 4.27 74.3 0.7 181.6 101.7 0.56 11.2 10.7 0.74 11.5 3.4 3.7
SC11//L8 4.22 70.4 14 171.3 103.0 0.60 7.8 10.4 0.86 7.3 9 2. 3.6
SC5//LE 4.11 74.0 -0.1 182.6 86.8 0.49 -4.1 13.0 0.82 3.2 5 3 3.9
CZHO061¢ 4.01 70.6 3.7 152.9 86.5 0.58 -6.4 22.8 0.89 13.5 1 3 3.7
SC10//L1 4.00 715 5.6 176.6 94.2 0.54 7.0 18.4 0.84 8.4 35 4.1
SC11//LE 3.99 72.8 -0.1 165.9 91.3 0.55 3.5 18.3 0.84 10.0 .0 3 3.3
SC3//L1C 3.99 68.6 5.7 180.3 94.6 0.53 51 11.6 0.85 5.8 3.1 3.7
SC5//L11 3.99 72.8 1.6 184.1 116.4 0.63 -7.4 15.3 0.69 154 3.3 4.4
SC2//L1C 3.92 69.9 3.7 160.7 92.6 0.58 30.3 3.2 0.80 17.6 4 3. 4.3
SC5//L1( 3.87 72.2 0.9 177.3 108.8 0.62 14.2 9.1 0.70 11.0 9 2 3.4
SC6//L11 3.86 72.7 15 182.7 102.6 0.56 22.7 14.2 0.72 11.4 3.3 3.6
SC8//L11 3.83 73.6 -0.1 186.1 109.1 0.59 -3.8 24.3 0.75 14.7 3.2 3.9
SC7//LE 3.81 73.2 1.0 180.8 102.1 0.57 14.8 221 0.82 9.8 8 2 3.9
SC2//L11 3.81 70.2 3.8 167.6 94.3 0.57 8.0 21.3 0.77 115 6 3. 3.7
SC7//LAC 3.80 70.4 2.6 165.3 85.0 0.53 15.5 15.8 0.81 9.8 1 3. 35
SC7//L6 3.78 71.9 1.4 176.3 85.4 0.49 -8.5 20.4 0.70 7.8 2 3. 3.5
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Appendix 14 Mean performance of three-way hybridsfor grain yield and other agronomic traits under opiimum
conditions in the 2011 winter season

ENTRY GYD AD ASI PH EH EPO RL SL EPP ER TEX EA
SC8/IL12 3.74 72.3 1.1 171.0 90.9 0.54 0.6 7.3 0.85 15.5 3.7 43
023WH31 3.74 72.6 1.4 175.1 96.9 0.57 33 8.2 0.62 7.0 3.1 3.9
SC2/L6 3.74 71.4 2.9 161.8 88.2 0.56 -4.4 22.7 0.75 1.1 73 3.8
SC7/L5 3.72 69.7 35 163.6 79.9 0.51 -10.0 22.0 0.87 172 26 4.0
SC3/L9 3.60 72.6 2.3 165.7 92.3 0.58 -10.1 4.2 0.82 11.2 33 41
SC2/L4 3.55 72.6 0.6 176.6 89.4 0.53 0.2 14.2 0.83 7.5 5 3. 43
SC1/L8 3.51 70.6 2.7 162.2 104.2 0.66 2.0 16.7 0.76 123 34 41
SC10//L2 3.50 742 1.4 179.5 93.8 0.53 2.9 7.0 0.78 7.6 3.9 3.6
SC3/L11 3.50 68.5 6.9 159.9 82.2 0.53 1.7 116 0.82 11.4 23 33
SC635 3.48 718 05 153.1 82.4 0.55 57.8 13.0 0.51 100 3.6 4.0
SC10//L3 3.43 73.0 2.9 185.7 95.3 0.53 37 23.2 0.73 27.1 73 43
SCo/L11 3.41 72.2 1.0 179.1 101.7 0.58 8.1 28.2 0.82 15.7 33 4.4
SC10//L4 3.33 75.2 0.1 189.9 1121 0.61 12.9 20.7 0.67 5.1 3.6 3.9
sSC513 3.30 71.2 0.7 178.9 87.2 0.50 2.3 22.8 0.81 15.7 13 3.6
SC5/L8 3.28 717 1.3 176.8 99.5 0.56 6.6 115 0.77 15.1 33 4.4
SC5/L2 3.28 73.3 0.8 179.6 89.8 0.51 5.8 22.9 0.58 17.6 0 4 41
SC3/L2 3.22 725 5.7 171.1 815 0.48 1.9 115 0.77 13.0 0 4 3.4
SC2/L2 3.19 72.6 1.6 166.8 835 0.51 2.4 18.8 0.83 205 6 3 43
SC4/IL9 3.18 74.4 0.0 1736 96.2 0.54 12.8 126 0.65 17.3 5 3 3.2
SC5//L11 3.18 73.6 1.4 187.4 105.9 0.58 2.9 12.6 0.71 15.9 8 3 45
SCa/lL12 3.13 69.6 2.2 1732 93.2 0.54 3.0 13.9 0.76 221 0 4 46
SC7/L3 3.12 713 5.3 176.3 85.2 0.49 14.8 10.6 0.63 22.3 4 3 42
SC1/L3 3.12 73.0 2.8 177.1 85.9 0.50 14.3 225 0.83 14.6 73 3.7
SC7/L2 3.12 72.0 3.7 176.0 87.4 0.51 3.1 22.4 0.82 8.2 35 36
SC1/L1 3.07 71.0 6.1 182.3 91.8 0.50 4.2 13.9 0.83 15.4 14 43
SC1U/L7 3.07 70.9 a7 162.1 81.7 0.51 76 20.6 0.80 8.9 29 34
SC6/IL12 3.04 705 3.1 167.7 87.5 0.52 2.8 25.1 0.81 20.9 14 46
sc3/La 3.03 713 3.2 169.7 80.9 0.50 35 7.1 0.74 8.6 3.6 46
SC11//L2 3.03 72.6 1.2 177.7 103.5 0.60 237 14.0 0.76 5.0 73 3.9
SC11//L4 3.03 72.9 1.3 186.4 106.0 0.59 54.0 223 0.63 9.8 73 3.9
SC3/L3 3.00 69.8 2.9 177.0 91.2 0.52 2.8 18.2 0.82 11.8 8 3 3.9
SC5ILT 3.00 733 1.4 173.4 100.7 0.59 21.6 18.1 0.76 2.3 4 3 47
SC2/L8 2.92 705 2.6 165.1 94.2 0.56 35 22.2 0.80 9.1 4 3. 4.4
SCs/LL 2.90 725 49 190.7 93.7 0.48 4.1 15.0 0.77 16.0 9 3 46
CZH0837 2.89 70.9 3.8 176.6 91.4 0.53 5.2 23.9 0.76 226 53 41
SC7ILT 2.88 71.2 4.4 168.3 875 0.53 15.3 22.1 0.82 15.4 13 43
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Appendix 14 Mean performance of three-way hybridsfor grain yield and other agronomic traits under ogimum

conditions in the 2011 winter season

ENTRY GYD AD ASI PH EH EPO RL SL EPP ER TEX EA
SC2//L5 2.73 71.0 16 153.9 78.3 0.54 5.0 21.9 0.88 15.3 2 3. 4.6
SC2//L1 2.71 70.6 6.3 179.5 88.4 0.52 4.7 11.4 0.75 245 6 3. 4.0
sca/L1l 2.71 71.7 2.1 170.9 107.3 0.63 1.3 17.8 0.73 21.8 0 4 4.3
SC1/IL7 2.70 71.3 3.8 165.3 83.6 0.52 3.5 25.1 0.76 12.8 4 3 4.3
SC2/IL7 2.61 70.7 4.2 159.3 74.4 0.50 15.3 23.6 0.79 18.7 33 4.0
SCo/L12 2.61 72.0 1.0 165.2 80.5 0.49 14.0 16.3 0.79 25.2 8 3 4.4
013WH63 2.56 72.4 -0.2 171.0 93.0 0.54 24.2 18.9 0.60 5.8 8 3 4.6
SC3//L6 2.54 70.8 3.3 164.3 83.3 0.52 2.2 12.3 0.77 8.4 38 4.0
SC3/IL7 2.43 70.2 3.3 1495 69.3 0.48 1.1 25.9 0.81 2.9 32 39
SC2//L4 2.37 71.6 1.8 174.2 83.6 0.49 -0.2 21.9 0.85 18.6 9 3 4.0
SC7//L4 2.36 73.2 0.3 185.2 1045 0.58 38.7 20.3 0.65 9.7 0 4 4.2
sca/LL 2.24 69.7 7.0 171.0 88.0 0.52 3.7 20.4 0.84 21.6 9 3 4.6
SC1//L5 2.20 71.3 3.8 158.3 81.3 0.52 5.6 19.4 0.90 10.2 03 3.3
SCl//L4 1.99 72.7 0.0 178.1 100.3 0.57 26.4 16.6 0.66 183 42 4.6
013WHO1 1.95 74.7 0.5 183.8 106.6 0.59 31.1 10.6 0.65 7.6 6 3 41
Mean 3.51 71.8 2.4 172.6 93.0 0.55 5.4 16.6 0.78 212 35 3.9
LSD (0.05) 1.33 16 2.6 13.0 11.6 0.06 29.4 175 210. 12.8 0.7 0.8
MSE 0.90 2.0 17 128.8 1015 0.00 218.8 154.1 002 413 0.3 0.4
Min 1.95 68.5 06 1495 69.3 0.48 -115 2.3 0.51 1.1- 2.6 2.6
Max 4.79 75.2 7.0 190.7 116.4 0.66 57.8 43.4 1.25 7.12 4.8 4.7

GYD=grain yield (t ha); AD=anthesis days; ASl=anthesis silking interva{days); PH=plant height (cm); EH=ear height (cm); FPO=ear position (0-1); RL=root lodging (%); SL=stem
lodging (%); EPP=ears per plant (#); ER=ear rot (%) SEN=senescence (1-10); TEX=texture (1-5); EA=easpect (1-5); LSD=least significant difference; MB=mean square error;
Min=minimum; Max=maximum.
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Appendix 15 Mean performance of three-way hybridgor grain yield and other agronomic traits in combined analysis in

the 2011 winter season

ENTRY GYD AD ASI PH EH EPO RL SL EPP ER SEN TEX EA
SC8/IL1C 3.76 68.5 1.3 178.3 99.8 0.54 6.6 5.8 0.70 14.8 05 34 3.7
SC10//L6 3.68 69.5 1.1 169.5 90.7 0.54 4.2 10.9 0.71 13.8 50 35 35
SC10//LE 3.62 68.2 1.3 175.1 90.6 0.51 2.6 242 0.83 5.6 06 31 3.4
SCA/IL1C 3.58 67.7 1.4 170.9 101.3 0.58 225 3.2 0.74 19.1 6 0 3.7 3.7
SC2/IL9 3.50 70.7 15 1815 96.3 0.54 0.1 12.8 0.72 225 6 0. 3.2 3.8
SC3/ILE 3.44 66.9 1.2 159.6 82.0 0.51 3.8 23.2 0.66 136.4 6 0 3.1 3.8
SC11//LE 3.39 67.4 1.6 160.3 92.1 0.53 75 26.1 0.75 155 6 0. 2.4 3.1
SC1/L6 3.36 70.1 15 170.8 90.4 0.52 7.1 6.0 0.68 19.0 06 32 35
013WH2¢ 3.32 69.2 1.8 164.7 95.0 0.57 6.6 5.5 0.72 14.8 05 31 35
SC3/L1 3.31 67.1 2.9 167.3 78.9 0.48 0.3 20.6 0.80 8.4 05 23 3.2
SC1/L2 3.31 714 2.9 174.1 89.8 0.51 0.9 21.9 0.64 116 50 36 3.5
SC8/Le 3.30 72.8 1.0 1785 103.2 0.56 45 7.7 0.63 275 5 0. 3.2 3.9
CZHOB1¢ 3.29 68.2 3.9 158.4 86.2 0.55 0.0 15.0 0.77 11.9 5 0. 3.1 3.3
SC6/IL10 3.26 68.3 2.8 174.7 97.7 0.56 28.4 14.1 0.69 27.7 6 0 3.7 3.8
SC10//L 3.25 70.0 2.7 162.7 87.0 0.52 9.9 29.4 0.77 11.6 5 0. 3.1 3.3
SCO/L1C 3.25 67.3 3.0 167.5 955 0.56 25.3 15.1 0.63 116 50 35 3.7
SC8/L9 3.22 72.2 3.0 182.1 104.5 0.61 0.3 2.0 0.62 216 50 3.2 3.8
SC10//L 3.22 68.3 1.8 170.3 97.9 0.56 0.5 9.8 0.75 20.3 05 34 4.0
SC3/L1C 3.22 65.9 2.2 176.6 92.7 0.51 9.2 10.8 0.84 12.0 6 0. 3.0 3.5
SCY/LY 3.19 72.8 3.0 1755 106.7 0.58 7.0 238 0.82 15.2 50 43 3.1
SC11//L 3.15 67.4 1.3 172.8 99.2 0.56 11.4 9.6 0.83 17.9 5 0. 2.7 3.4
023WH3! 3.14 714 1.7 177.8 98.9 0.56 42 10.1 0.65 19.2 5 0. 3.1 3.6
SC7/IL10 3.11 67.2 3.0 166.1 75.8 0.46 16.3 15.9 0.77 7.6 5 0. 2.9 3.4
SC8/ILE 3.06 67.9 2.0 174.0 96.4 0.54 6.0 9.0 0.66 26.3 05 29 35
SC2/IL1C 3.06 66.8 1.6 162.1 925 0.56 405 7.1 0.71 15.2 6 0. 3.2 3.8
SC3/L2 3.05 70.0 2.6 170.3 82.1 0.47 6.9 17.8 0.70 26.3 6 0. 3.9 35
SCB/IL1C 3.05 69.8 15 180.0 107.2 0.59 21.6 9.4 0.65 12.7 6 0 3.1 3.5
SCT7/ILS 3.03 70.9 1.4 1815 100.7 0.55 125 14.0 0.65 185 05 2.7 3.6
SC11//L6 3.02 70.0 0.8 166.3 88.6 0.53 0.8 13.4 0.75 9.7 05 29 3.4
SCe3:! 3.01 68.2 48 148.1 87.7 0.57 34.3 19.9 0.57 28.7 6 0 3.6 3.8
SC10//L] 2.98 69.5 5.7 179.3 96.6 0.54 9.6 115 0.67 32.2 5 0. 3.4 41
SC3/L9 2.96 705 1.4 166.0 97.9 0.57 5.8 15.2 0.65 17.3 6 0. 3.1 3.6
SCe/ILS 2.89 714 2.4 185.6 103.3 0.56 0.9 11.3 0.57 191 05 3.6 3.7
SC2//L6 2.84 68.8 0.8 160.8 84.1 0.53 1.6 23.7 0.69 49 06 3.4 3.8
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Appendix 15 Mean performance of three-way hybridgor grain yield and other agronomic traits in combined analysis in the 2011

winter season

ENTRY GYD AD ASI PH EH EPO RL SL EPP ER SEN TEX EA
sc2/L11 2.83 68.5 2.2 168.1 935 0.55 105 15.6 0.72 34.9 0 3.4 3.8
SC3/L11 2.82 66.7 2.2 159.1 87.0 0.51 10.7 24.8 0.75 227 0 3.1 3.1
SC2/L6 2.80 68.6 15 158.0 77.9 0.51 8.4 16.6 0.80 8.6 0.6 2.6 3.6
SCe/L11 2.77 70.6 2.9 183.6 104.9 0.57 15.3 12.7 0.60 351 05 33 41
SC11//L2 2.76 70.2 1.6 178.9 97.4 0.54 16.6 13.9 0.71 19.3 50 3.6 3.4
SC1/L8 2.76 68.2 1.2 166.4 98.4 0.59 9.5 125 0.76 27.3 6 0. 3.2 3.7
SC5/L8 2.75 69.6 1.3 175.8 99.6 0.55 1.0 13.9 0.69 29.4 5 0. 3.3 42
SC8/L12 2.75 69.9 0.3 171.3 90.1 0.53 44 11.7 0.72 31.4 6 0. 3.6 44
SC10//L2 2.74 717 2.8 179.4 94.7 0.54 35 6.6 0.63 30.1 0.5 3.8 3.7
SC5/IL6 2.73 72.1 0.8 180.5 935 0.51 0.6 9.3 0.58 235 6 0. 3.5 40
CZH0837 2.71 68.5 2.4 181.8 90.6 0.51 41 17.0 0.72 16.5 6 0. 3.4 3.8
SC7/L6 2.71 69.9 1.9 176.2 84.2 0.48 4.2 15.4 0.62 25.7 60 3.1 3.7
SC10//L3 2.69 70.9 5.1 184.4 96.1 0.52 3.3 125 0.64 20.0 5 0. 3.6 3.9
SC2/L8 2.67 68.2 0.2 170.2 92.2 0.55 155 16.9 0.79 273 06 3.4 4.0
SC2/L4 2.59 70.1 1.9 176.6 925 0.52 9.0 13.0 0.63 33.3 6 0. 3.6 3.8
SC4/IL12 2.58 66.9 1.9 1717 97.0 0.56 14.4 125 0.73 39.7 6 0 4.0 41
SC7ILT 2.58 69.0 3.8 168.9 84.7 0.51 9.0 155 0.70 285 5 0. 2.9 3.9
sC513 2.56 68.9 2.3 181.6 84.7 0.47 19.8 13.9 0.67 25.1 50 2.8 35
SC2/L2 2.55 69.9 1.2 168.0 89.1 0.52 7.7 19.1 0.65 415 6 0. 3.7 43
Sce/iLil 2.53 71.2 2.7 184.5 105.7 0.57 1.3 185 0.51 27.0 6 0 3.1 3.7
SC6/IL12 2.51 67.4 2.1 171.4 93.8 0.51 7.1 22.2 0.72 221 6 0. 3.9 42
SC3/L3 2.50 67.3 2.8 179.7 91.9 0.50 8.9 16.1 0.67 238 6 0. 3.6 3.7
SCo/L11 2.46 70.2 2.9 174.6 102.0 0.63 9.0 15.9 0.61 23.0 6 0 3.1 3.9
SC1/L3 2.46 70.8 3.0 176.6 89.9 0.50 15.6 17.2 0.65 31.8 50 36 3.4
SC3/LL 2.44 67.9 5.8 172.3 84.6 0.48 2.2 155 0.67 21.9 5 0. 3.6 3.8
SC11//L7 2.43 68.7 2.8 162.7 86.1 0.52 41 276 0.73 8.2 0.6 2.6 3.2
SC4/iL11 2.42 69.2 2.4 1718 104.0 0.60 05 15.8 0.67 20.1 50 38 42
SCs/L11 2.41 71.2 2.4 180.2 117.0 0.64 3.6 105 0.50 239 06 33 42
SC5/L3 2.36 713 3.0 186.9 105.1 0.56 9.8 49 0.54 25.8 5 0. 3.6 4.0
SC7/L2 2.36 69.7 47 179.2 93.3 0.50 8.7 14.8 0.61 15.6 5 0. 3.3 35
SCs/LL 2.32 70.9 5.6 187.3 100.5 0.52 5.0 10.2 0.51 16.7 50 3.8 3.9
SC3/L4 2.31 68.6 1.9 1733 89.2 0.50 7.9 18.4 0.64 24.2 7 0. 3.6 3.9
SC1/L5 2.31 69.3 2.0 160.2 82.0 0.50 45 27.0 0.78 5.5 0.5 2.7 2.9
sc2/La 2.29 69.3 1.9 175.9 89.4 0.50 11.1 171 0.68 25.1 6 0 3.7 3.7
SC3/LT 2.27 68.3 0.9 152.5 76.4 0.48 7.9 25.1 0.79 2.4 0.6 3.1 3.3
SCO/L12 2.27 69.1 1.1 167.4 89.7 0.50 15.8 18.6 0.71 27.1 6 0 3.9 3.9
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Appendix 15 Mean performance of three-way hybridgor grain yield and other agronomic traits in combined analysis in the 2011

winter season

ENTRY GYD AD ASI PH EH EPO RL SL EPP ER SEN TEX EA
SC5/IL7 2.26 71.0 1.9 172.8 97.9 0.56 16.8 19.6 0.62 34.9 60 3.4 45
SC1/L1 2.26 69.4 5.4 180.9 87.4 0.49 17 14.2 0.58 21.8 5 0. 3.9 3.8
SC4//LY 2.22 717 2.3 171.7 102.2 0.57 7.2 10.2 0.52 34.8 50 3.4 3.7
SC5/IL2 2.22 71.8 4.9 181.6 93.9 0.51 1.4 145 0.48 24.6 5 0. 4.1 41
SC2/IL7 2.20 68.8 2.6 161.9 81.4 0.49 22.3 27.0 0.68 20.6 60 3.3 35
SC7/L3 2.19 69.1 4.8 178.4 90.2 0.50 11.7 5.2 0.51 19.4 5 0. 3.2 4.0
SC2/IL1 2.09 69.0 6.6 181.0 91.6 0.51 12.3 9.0 0.56 35.4 6 0. 3.6 41
SC3/IL6 2.08 68.9 15 167.1 80.9 0.50 6.4 15.0 0.65 11.8 6 0. 3.5 3.7
Sc10//L4 2.08 724 5.5 190.1 109.7 0.59 9.9 15,5 0.43 37.3 50 3.6 4.0
SC1/IL7 2.05 70.0 25 166.0 86.1 0.50 2.3 26.0 0.61 12.6 6 0. 3.3 3.9
SC11//L4 1.91 70.2 2.9 184.4 104.1 0.56 38.1 19.0 0.56 196 05 35 3.6
Sc1/La 1.79 70.2 3.1 181.3 98.2 0.54 14.0 12.7 0.58 28.5 60 3.9 3.9
Sc7/La 1.77 70.2 45 187.7 103.7 0.56 24.2 11.4 0.50 280 05 3.6 3.9
013WHO1 1.70 722 4.0 187.5 107.9 0.57 195 7.0 0.46 32.1 60 3.3 3.6
013WH63 1.62 70.2 3.8 175.8 95.0 0.54 20.7 11.6 0.48 31.9 60 3.9 4.4

Mean 2.73 69.5 25 173.3 93.7 0.53 9.3 14.9 0.66 023 0.6 3.4 3.7

LSD (0.05) 0.84 13 1.9 10.7 8.7 0.05 17.9 105 30.1 35.1 0.1 0.5 0.6

MSE 0.72 2.0 3.8 116.7 116.1 0.00 161.6 139.0 002 12487 0.0 0.3 0.4

Min 1.62 65.9 -0.2 148.1 75.8 0.46 -4.2 2.0 0.43 4 2. 05 2.3 2.9

Max 3.76 72.8 6.6 190.1 117.0 0.64 40.5 29.4 084 364 0.7 4.3 45

GYD=grain yield (t ha); AD=anthesis days; ASI=anthesis silking interva{days); PH=plant height (cm); EH=ear height (cm); PO=ear position (0-1); RL=root lodging (%); SL=stem
lodging (%); EPP=ears per plant (#); ER=ear rot (%) SEN=senescence (1-10); TEX=texture (1-5); EA=easpect (1-5); LSD=least significant difference; MB=mean square error;

Min=minimum; Max=maximum.

295



